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ABSTRACT
Reactive oxygen species (ROS) are byproducts of physiological processes in
human body, and strengthened production of ROS is known to cause acute conditions
such as inflammation, aging, Alzheimer’s disease, melanoma and ovarian cancer, fibrosis
and multiple sclerosis. Therefore, early detection of ROS at nanomolar concentration (at
cellular level) and developing more potent antioxidants is essential for regular health
monitoring. As an example, ROS are also responsible for inflammation reactions at
orthopedic implants-tissue interface triggered by wear debris. Inflammation induced by
ROS results in revision surgery. Coatings of redox-active materials exhibiting antioxidant
properties on implants have potential to mitigate the inflammation and delay the need of
revision

surgery.

This dissertation focus on developing advanced functional

nanomaterials by tailoring the surface chemistry of existing materials. Surface chemistry
of materials can be altered by introducing surface and edge defects in the lattice structure
Three materials system doped cerium oxide nanoparticles (d-CNPs), cerium oxide thin
films (CeOx) and molybdenum disulfide (MoS2) nanoparticles, have been studied for its
surface and edge contributions in potential biomedical and biosensing applications.
Surface (d-CNPs and CeOx thin films) and edge chemistry (MoS2) have been tailored to
understand its role and specific response.
Surface Ce3+/Ce4+ oxidation state in CNPs controls the bio-catalytic activity. Higher
superoxide dismutase (SOD) is demonstrated by high Ce3+/Ce4+ oxidation state. On the
other hand, improved catalase mimetic activity is observed for low Ce 3+/Ce4+ CNPs.
Different CNPs preparation results in different Ce3+ to Ce4+ ratio, particle size, surface
coating, and agglomeration, thus significantly varying the antioxidant properties of CNPs.
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In the first section of the dissertation, sustainable one-step room temperature synthesis
of rare earth element (La, Sm, and Er) d-CNPs have been developed to effectively control
the Ce3+ to Ce4+ ratio for specific biological application. Substitution of Ce4+ ions by
trivalent dopants from ceria lattice increases the oxygen vacancies and density of catalytic
sites. Uniform distribution of trivalent dopant in ceria lattice confirmed by EFTEM is
attributed to enhanced SOD mimetic activity, ROS scavenging and tuning surface
Ce3+/Ce4+ oxidation state in CNPs. Surface chemistry of redox-active cerium oxide
coating on orthopedic implants also plays a vital role in scavenging ROS and mitigating
inflammation. Thus, surface chemistry of CeOx thin films deposited by atomic layer
deposited (ALD), have also been tailored by controlling the film thickness. CeOx film of 2
nm thickness has high Ce3+/Ce4+ (ratio 1) whereas higher thickness films (6-33 nm) have
lower Ce3+/Ce4+ (ratio 0.30-0.37). These films have been further tested for catalase
mimetic activity and hydrogen peroxide (H2O2) detection. Sensor selectivity is always a
key issue. Most often, ascorbic acid found in the biological system, interfere in the
electrochemical detection of H2O2 resulting in selectivity issue, thus protective Nafion
layer is required to prevent cerium oxide-ascorbic acid interaction.
To improve the selectivity of electrochemical sensors, Sulfur-deficient redox-active
MoS2 have been utilized for electrochemical detection of pharmaceutically relevant
chemical species. S-deficient MoS2 nanoparticles have been prepared by liquid
exfoliation method to increase Mo-edge density and tested as sensing materials for
detection of pharmaceutically relevant H2O2, hypochlorous acid (HOCl) and reactive
nitrogen (NO*) species. The addition of ascorbic acid and uric acid have shown no
interference during H2O2 detection. Change in S to Mo ratio have been studied using x-
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ray photoelectron spectroscopy. Density functional theory (DFT) have been employed to
understand the detection mechanism and size-dependent sensitivity of MoS2. DFT study
further reveals the role of S-deficiency and Mo- and S-edges in the higher catalytic activity
of 5-7 nm MoS2 particles.
Through these studies, the importance of defects in nanomaterials and their exotic
properties at the nanoscale have been demonstrated. Understanding developed from
these studies have provided the framework to develop more advanced functional
nanomaterials for biomedical and biosensing applications.
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CHAPTER ONE: INTRODUCTION AND LITERATURE REVIEW
1.1 Free radicals in biological system
Reactive oxygen species (ROS) or pro-oxidants are by-products of biochemical
reaction mainly in mitochondria, a powerhouse of the human body. In common, ROS have
been divided into two parts classes, i.e. oxygen-derived free radicals (superoxide,
hydroxyl radical, nitric oxide) and non-radical oxygen derivatives of high reactivity such
as singlet oxygen, hydrogen peroxide, peroxynitrite, hypochlorite [1, 2], where free
radicals being more reactive due to their paramagnetic behavior. Figure 1 shows the
formation and transaction of various ROS in a biological system. These ROS play both,
positive and negative role in the body. ROS act as a signal transducer at low
concentrations, whereas at high concentration leads to a variety of disorders such as
Alzheimer’s disease, ageing, fibrosis, inflammation, cardiovascular diseases, infertility,
diabetes, multiple sclerosis etc.[3]. Reactive nitrogen species cause mitochondrial
fragmentation and neuronal cell death [4]. Concentrations of these ROS are maintained
by antioxidants to prevent it exceeding the beneficial level in the human body (Figure 2).
The main source of antioxidants to the human body are fruits and vegetables rich in
vitamins, necessary to produce enzymes [5]. Thus, constant production and supply of
antioxidants are essential for the good health. When oxygen atom loses electrons from
its outer shell, free radicals generate which are very reactive in nature. To complete its
electronic configuration, it acquires electron from the cell membrane/molecules. This
process initiates the chain reaction and leads to the erosion of the cell membrane, thus
creates physiological conditions. To circumvent such conditions, antioxidants donate their
electrons to free radicals to achieve stable configuration (Figure 2). In most of the cases,
1

free radical-antioxidant equilibrium is maintained. However, when this equilibrium is
disturbed, production of free radicals strengthen and result in various disorders mentioned
above. In such cases, antioxidants are supplied externally in the form of medication to
reestablish the equilibrium.

Figure 1: Production mechanism of free radicals in human cells.
Antioxidants supplied to female mice from green tea reduced the breast tumor size
by 60% [5]. Another study has reported the use of flavonoid-mediated presenilin-1
phosphorylation as an antioxidant to decreases β-amyloid production, responsible for
Alzheimer’s disease [6]. Large scale human participant study on 87245 females nurses
has resulted in a reduction of coronary disease.[7]. Participants were given vitamin E
regularly and their health was monstered over right years. This study further emphasizes
the role of supplement antioxidants to suppress the detrimental role of reactive oxygen
species.
2

Figure 2: Effect of antioxidants-free radicals equilibrium disruption on cells and
mechanism of addressing these challenges by antioxidants.
1.2 Generation of ROS
Ionizing radiation is the most important reason for the formation of ROS. Upon the
interaction of ionizing radiation, water molecule ionizes and form H2O+. Ionized water
molecule further reacts with H2O and form hydroxyl radicals (OH*) and H3O+. Excited
water molecules also dissociate into H*and OH*. These water radiolysis products (H*,
OH* and e-) react with oxygen and form hydrogen peroxide (H2O2), 𝑂2• and 𝐻𝑂2• [1].
𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛

𝐻2 𝑂•

(1)

𝐻2 𝑂 → 𝐻2 𝑂+ + 𝑒 −

(2)

𝐻2 𝑂• → 𝐻 • + 𝑂𝐻 •

(3)

𝐻2 𝑂+ + 𝐻2 𝑂 → 𝐻3 𝑂+ + 𝑂𝐻 •

(4)

𝐻2 𝑂 →

3

H2O2 formed as reaction product reacts with chloride ion (Cl-). The reaction product of
H2O2 and Cl- form hypochlorous acid (HOCl) (equation 5). HOCl is a powerful oxidant and
strong oxidizer and reacts with O2- to produce hydroxyl radicals (OH*).
𝑀𝑃𝑂

𝐻2𝑂2 + 𝐶𝑙 − →

𝐻𝑂𝐶𝑙 + 𝑂𝐻 −

(5)

It is well known that under ultraviolet (UV) radiation exposure, an oxygen molecule (O2)
dissociate and produce ozone (O3) (equation 6). Exposure of UV to H2O2 also produce
OH* (equation 7).
𝑈𝑉

𝑂2

𝑂2 → 2𝑂 → 𝑂3

(6)

𝑈𝑉

𝐻2 𝑂2 → 2𝑂𝐻 •

(7)

The formed ROS also react with each other and form new species. Examples of few
reaction are shown in equation (8-11).
𝑂2−̇ + 𝑂2−̇ + 2𝐻 + → 𝑂2 + 𝐻2 𝑂2

(8)

𝑂2−̇ + 𝑁𝑂• → 𝑂𝑁𝑂𝑂−

(9)

𝐻2 𝑂2 + 𝐹𝑒 2+ → 𝐹𝑒 3+ + 𝑂𝐻 ∗ + 𝑂𝐻 −

(10)

𝐹𝑒 3+ + 𝑂2−̇ → 𝐹𝑒 2+ + 𝑂2

(11)

Several enzymes and coenzymes also react with O2 and form superoxide radicals. Name
of the few enzymes is: aldehyde oxidase, galactose oxidase, peroxidase, xanthine
oxidase, NADPH: cytochrome c oxidase, anthranilate hydroxylase, diamine oxidase, nitric
oxide synthase. The reaction between NADPH and O2 is shown in equation 12.
𝑁𝐴𝐷𝑃𝐻 + 2𝑂2 → 𝑁𝐴𝐷𝑃+ + 𝐻 + + 𝑂2−̇

(12)

Free radicals are also generated in the medicines from over exposure to the light
and other chemicals reactions. As a result, drugs have limited shelf life and kept in under
strict storage conditions.
4

1.3 Methods of monitoring ROS
It is clearly evident from the discussion (section 1.1) that excess concentration of
ROS is harmful to the human body and lead to numerous disorders. Various methods
such as mass spectrometry, fluorescence measurement [8-10], colorimetric assays [11,
12], electrochemical methods [13-18], spectrometry [19], and cell imaging coupled with
Raman spectroscopy [20] etc. have been developed to study the generation, evolution,
and quantification of ROS. These methods are specific to the product as a result of
oxidation of DNA, proteins, biomolecules and lipids, and destructive [21-23].
The electrochemical methods have utilized both, inorganic and enzyme based
materials like novel metal (Au, Pt, Ag) nanoparticles [13, 24, 25], carbon nanotubes
(CNTs), MoS2 [26], nanoCeO2-Pt-RGO layered composite [18], Ag-CNT composites,
glucose oxidase and horseradish peroxidase [18] for detection of ROS. However, enzyme
free inorganic sensors are preferred choice for the scientist because of ease of handling
and storage condition. Scientists have successfully detected nanomolar concentration of
H2O2 in-vitro in living cells using N-formylmethionyl-leucyl-phenylalanine (fMLP) to
stimulate H2O2 production [26]. Kodera et al. [27] HOCl concentration in the range of 0.26.0 mg.dm-3 using reduction wave based on anodic cyclic voltammetry method at 1350
mV vs AG/AgCl. Gold deposited Si chip has been used as a transducer layer to detect
free chlorine and understand the relative concentration of HOCl/ClO- in pH range of 5-8
by amperometry [28]. This chip provides good free data independent of solution pH while
oxygen is dissolved in the solution, whereas Pt electrode has shown a strong dependence
on pH. Olivé-Monllau et al. [29] have developed flow injection system the continuous
monitoring of the free chlorine detection in concentrations range from 0.2 to 5 mg l−1.
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However, these methods lack in sensitivity, specificity, the location of ROS generation
and specific production rate [2].

Figure 3: Methods developed for the detection and qualification of free radicals. (a) and
(b) fluorescent probes exhibiting the HOCl detection. Reproduced from [30] and [31]
with permission of The Royal Society of Chemistry. (c) Nanoceria-Pt-RGO
nanocomposite for glucose sensor and H2O2 detection. Reprinted from [32] with
permission from Elsevier.
Advancement in microscopy and imaging techniques have turned the attention
towards noninvasive and destructive tools such as fluorescent probes [2]. These probes
provide high specificity and sensitivity in vitro and on paper slips [31]. Use of fluorescent
probes has also allowed the evolution and monitoring of ROS in vivo. Raman and confocal
imaging with superior spatial and temporal resolution have further enable the site specific
6

production of ROS during physiological processes and provide information of contribution
of ROS in physiological processes [2]. Probes developed for in vivo studies should be
nontoxic, easy to internalized by cells/ organelles, and most importantly should not start
other metabolism processes.
Two type of fluorescent probes are common in use in vivo and in-vitro which
activate in the presence of a specific analyte, (i) off/on type fluorogenic probes and (ii)
masked fluorophore type probes. The shift in emission wavelength or change in
fluorescence upon activation defines the off/on characteristic. Zhao et al. [31] developed
acenaphthenequinone based probe for HOCl detection and tested in solution and on a
paper strip. A linear relationship was observed for 0-50 μM concentration of NaOCl at 538
nm wavelength at pH 7.4 in the presence of PBS/THF (Figure 3a). The lower detection
limit of this probe is 0.38 μM HOCl. Figure 3a shows the change in fluorescence emission
under UV exposure (365 nm) where the concentration of OCl- decreasing from 5x10-2 M
to 5x10-6 M. Confocal imaging of BEL-7402 cells incubated with these probes show
decease in fluorescent intensity after HOCl addition exhibiting excellent spatial resolution
and specificity. Figure 3b show the fluorescent emission from water soluble turn ON
dihydrofluorescein-ether probe when activated with HOCl.[30] Mechanism of activation of
this probes is oxidation by HOCl. These probes retain their emission for ~10 minute. No
activation of probes was observed when titrated with other ROS and RNS.
Masked type probes activate by the attack of oxidants on masked group releasing
fluorophore compound [2]. Photo-induced electron transfer act as a switch for
fluorescence emission. Fluorescent probes can be used for labeling therapeutic drug
loaded organic and inorganic nanoparticle to track their delivery route, internalization in

7

tissues/cells and effect of therapeutic drug release. Thus, fluorescent probes have been
a useful tool in pharmaceutical research.
1.4 ROS scavenging and antioxidants properties of cerium oxide
nanoparticles (CNPs)
As discussed in the previous section that antioxidants help in regulating the ROS
concentration. In particular cases, antioxidants need to be supplied to the body to control
the anomalous production of ROS. Oxalic acid, phytic acid, tannins, eugenol, lipoic acid,
ascorbic acid (vitamin C), ubiquinone (coenzyme Q), α-tocopherol (vitamin E), melatonin
etc. are common organic antioxidants. These antioxidants are delivered to the body by
food or in the form of medication. However, these antioxidants are not effective enough
in acute conditions such as melanoma cancer, ovarian cancer, and Alzheimer’s disease.
The inefficiency of above-mentioned antioxidants has allowed researchers and scientists
to look beyond the conventional antioxidants/chemotherapeutics.
Researchers have studied several inorganic nanomaterials with/out a combination
of conventional antioxidants for downregulating effect of strengthened production of ROS.
CeO2 [33, 34], TiO2 [35] and V2O5 [36] have shown biocatalytic activity in physiological
process owing to their multiple redox states. Cerium oxide nanoparticles (CNPs) are of
particular interest because of it low reduction potential which allows its surface to
regenerate. CeO2 is an oxide of lanthanide series metal cerium. It has much technological
application in the catalytic converter, solid oxide fuel cells, chemical mechanical
planarization (CMP), corrosion resistance etc. [37-40]. In nature, cerium exists in dual
oxidation state i.e. Ce3+ and Ce4+. At the nanoscale, CNPs surface coexists as Ce3+ and
Ce4+ oxidation state making their surface very dynamic. The presence of oxygen
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vacancies in the cerium oxide lattice due to the existence of Ce 3+ ions provide oxygen
buffering capacity [41, 42]. The low redox potential of Ce3+ to Ce4+ conversion and vice
versa has led to unique antioxidant and radical scavenging properties in CNPs. Therefore,
CNPs have originated potential application in health care research [43-48]. Oxygen
vacancies in ceria lattice, where Ce3+↔Ce4+ occur, act as catalytic sites for scavenging
scavenge superoxide, hydrogen peroxide radicals, and reactive nitrogen species (RNS).
Several

factors

like

nanoparticle

size,

method

of

nanoparticle

preparation,

microenvironment (pH, polymer, ionic strength) and storage conditions affect defects
concentration (oxygen vacancies) and surface chemistry (Ce3+ to Ce4+ ratio) in CNPs,
thus their antioxidant properties. Therefore, numerous synthesis method has been
reported in the literature to regulate Ce3+/Ce4+ ratio in CNPs. Research articles also
indicate that antioxidant/scavenging properties of CNPs vastly varies with Ce3+ to Ce4+
ratio. CNPs having high Ce3+/Ce4+ are more effective in scavenging superoxide and
hydroxyl radicals. Whereas, CNPs of low Ce3+/Ce4+ have more affection towards H2O2
and NO* radicals (table 1) [3]. Thus, specific ROS have been targeted with CNPs by
controlling its surface chemistry and their efficacy has been tested in various oxidative
stress conditions [3].
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Table 1: Dependence of radical scavenging property of cerium oxide nanoparticles on
surface oxidation state. Reproduced with permission from [3]. © Future Medicine Ltd
Catalytic activity

 Ce3+/Ce4+

 Ce3+/Ce4+

Size (nm)

SOD mimetic

Yes

No

3-5

OH* scavenger

Yes

No

5-10

Catalase mimetic

No

Yes

8-16

NO* scavenger

No

Yes

3-10

SOD: superoxide dismutase, OH: Hydroxyl, NO Nitric oxide
The fenton-type reaction has been hypothesized (equation 13-16) by Karakoti et
al. [33] for the regeneration of CNPs surface. Oxidation of Ce ion takes place through
intermediate compound cerium oxy-peroxo complex [CeO2(OH)2] formation and internal
charge distribution. Complete regeneration of 5 mM 20vol% PEG-coated CNPs solution
have been seen in 21 days. Recently, Lee at al. [49] has synthesized 3-8 nm size polymer
(oleic acid, PEI, PAA-OA, PMAO) coated CNPs to understand the regenerative behavior.
The fenton-type reaction has been supported by GC-MS studies. For Ce4+ to Ce3+
reduction, oxygen evolution takes place when treated with H2O2. Reaction ratio
Ce3+:H2O2:O2 is 1:2:1 which is in good agreement for Fenton reaction [49]. Antioxidant
activity of synthesized CNPs is 9 times higher than commercial antioxidant Trolex.
Furthermore, oleic acid coated CNPs have shown regeneration of CNPs surface for 18
times over a period of 6 months at 10 μM H2O2 injection each cycle [49].
𝐶𝑒𝑂2−𝑥 + 𝐻2 𝑂2 → 𝐶𝑒𝑂2 + 2𝑂𝐻 −

(13)

𝐶𝑒𝑂2 + 2𝑂𝐻 − → 𝐶𝑒𝑂2 (𝑂𝐻)2

(14)
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1

𝐶𝑒𝑂2 (𝑂𝐻)2 → 𝐶𝑒𝑂2 + 2 𝑂2 + 𝐻2 𝑂 (𝑖𝑛 𝑎𝑖𝑟)
1

2𝐶𝑒 𝐼𝑉 𝑂2 (𝑂𝐻)2 + 2𝐻 + (𝑎𝑞. ) → 2𝐶𝑒𝑂2−𝑥 + 3𝐻2 𝑂 + (2 + 𝑥) 𝑂2 (𝑖𝑛 𝑎𝑞𝑢𝑒𝑜𝑢𝑠 𝑚𝑒𝑑𝑖𝑢𝑚)

(15)
(16)

Surface modification of inorganic nanoparticles also facilitates the size and shape
modulation, long-term stability, and functionalization with specific molecules [50, 51].
Dextran [34], chitosan [52], citrates [53, 54], carboxy–PEG4–amine [55], polyethylene
glycol (PEG) [33, 56], polyacrylic acid [57] are commonly used polymers for surface
modification. Synthesis of polymer-coated nanoparticles is effectively internalized by cells
with the minimum unintentional reaction between nanoparticles and human body and
toxicity, due to uniform size distribution and spherical shape.
Polymer coating is also required to synthesize uniformly distributed CNPs in basic
conditions and long-term stability. Solid solubility of cerium ions is very low at basic pH.
Precipitation of cerium hydroxide occurs immediately after NH4OH addition because ionic
product crosses the solubility limit [58]. Ce ions form a complex with a hydroxyl groupcontaining polymers and do not precipitate in basic solutions because of a decrease in
free Ce ion concentration. Therefore, the concentration of polymer molecules should be
equal or higher than Ce ions to avoid precipitation. CNPs have been synthesized in a
basic medium using dextran and glucose for Ce ion complexation [58]. Precipitation
behavior of Ce4+ ions under oxidizing conditions with increasing pH is shown in figure 4.
Ce4+ ions are stable under pH 2.0. Cerium oxide forms stable colloidal suspension (CeO2)
at pH 2-3.5. When pH is maintained in acidic conditions but above 3.5,
CeO2•2H2O/Ce(OH)4 exists together and mild precipitation is observed because some
Ce4+ reduces into Ce3+ in the presence of H2O2. This is attributed to the low redox
potential of Ce ions. Cerium hydroxide [Ce(OH)4] precipitates heavily above pH 6.
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Figure 4: Change in Ce(IV) stability vs pH in oxidizing conditions. Reprinted with
permission from [58]. ©2007 American Chemical Society.
Though polymer coated nanoparticles are becoming popular, one should be
careful during polymer selection. High molecular weight (Mw) polymer interfere in the
catalytic activity of nanoparticles and make it difficult for ROS to reach to the NPs surface.
Thus the scavenging activity of NPs decreases and more ROS will be present in the
cells/organelles which interfere in physiological processes. Karakoti et al. [33] have
reported that low molecular weight (Mw 600) PEG does not adversely affect the
superoxide dismutase (SOD) activity as visible from figure 5a. Increasing concentration
of PEG has no interference in SOD activity. Figure 5b show the change in color when an
equal amount of H2O2 was added in the CNP prepared in 0-80 vol% PEG. Intensified
color change represent the scavenging of H2O2 as Ce3+ convert into Ce4+. In UV/Visible
spectroscopy this change in color appears in the form of a red shift in peak positions.
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Figure 5: (a) Superoxide dismutase (SOD) activity of PEGlyted CNPs. (b) Change in
color of PEGlyted CNPs with H2O2 addition showing oxidation of Ce3+ to Ce4+.
Reprinted with permission from [33]. ©2009 American Chemical Society.
CNPs have been found effective against pathologies associated with chronic
oxidative stress and inflammation in both, in vitro and in vivo models. It shows the
potential application of CNPs in nanomedicine and regenerative medicine [33, 50, 5760].
To study the potential of CNPs in fighting Melanoma cancer, in vitro and in vivo
experiments were conducted by Alili et al. [61]. Dextran coated and uncoated CNPs were
utilized in the study. Particle size of dextran coated CNPs was 3-5 nm. UV/Visible
spectrum indicate the higher Ce3+/Ce4+ ratio in coated CNPs because the peak at 254
nm (Ce3+ peak) has higher intensity than peak at ~296 nm (Ce4+ peak). Contrary to this,
Ce4+ peak is more predominant in uncoated CNPs. SOD activity of dextran coated CNPs
is higher than uncoated CNPs. In vitro cell viability study demonstrate the invasive
property of CNPs towards cancerous cells than healthy stromal cells as lower cell viability
was observed for melanoma cancerous cells whereas no adverse effect was seen in
stromal cells. For in vivo studies, in the nude mice, A375 cells were injected into nude
mice to introduce tumor [61]. Three groups each containing six mice were treated
13

differently. Group 1 mice were not treated with CNPs and acted as a control. Group 2
mice were started giving coated CNPs after 1 day of tumor injection and group 3 mice
were given coated CNPs after 10 days of tumor injection [61]. CNPs were injected every
alternate day and the tumor was removed after 30 days post tumor injection. Significantly
lower tumor growth was detected in CNPs treated group 2 and 3 than group 1. Smaller
tumor volume of about 75% (1day, group 2) and 85% (10 days, group 3) in contrast to
mock-treated controls [61]. These findings indicate a positive effect on inhibition of
malignant melanoma growth in vivo by coated CNPs.
1.5 Structure of the dissertation
The subsequent chapters of the dissertation are organized as explained below.
Chapter 2 demonstrate the method of controlling the surface chemistry of cerium oxide
nanoparticles by introducing defect and their effect on radical scavenging relevant to
cancer therapeutics and biosensing applications. In chapter 3, an attempt has been made
to control the surface oxidation state of cerium oxide in thin films grown by atomic layer
deposition method. Chapter 4 discuss the method of collecting different size
particles/nanosheets of MoS2 and their edge-defect structure. Through electrochemical
experiments and density functional theory, the standing of MoS2 edges and defects have
been developed for reactive oxygen species detection. Conclusions of the work are
discussed in Chapter 5. Finally, future scope of work is presented for the advancement
of the work.
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CHAPTER TWO: DOPED CERIUM OXIDE NANOPARTICLES AND ITS
BIOCATALYTIC BEHAVIOR
The work presented in this chapter has been published before in

Journal of Materials Chemistry B, 2016, 4, 3195-3202. DOI: 10.1039/C6TB00396F
Reproduced by permission of The Royal Society of Chemistry.

2.1 Introduction
Cerium oxide is the most abundant material in the lanthanide metal oxides. It is
widely used in oxygen sensors [41, 42], catalytic converters [38, 39] and solid oxide fuel
cells [40]. The discovery of the redox-active nature (low redox potential) of cerium ions
(Ce3+ and Ce4+) present at the surface of cerium oxide nanoparticles (CNPs), has opened
new avenues for biomedical application [43-48], electrochemical bio-sensors [18],
radiation protection [62], corrosion-resistant coatings [37], etc. Researchers have also
demonstrated the unique regenerative antioxidant properties of CNPs through in-vitro
model systems; specifically, the particles’ abilities to scavenge superoxide, hydrogen
peroxide radicals, and reactive nitrogen species such as nitric oxide and peroxynitrite
have been demonstrated [63-65]. Dowding et al. [4] have reported in a detailed study that
CNPs ease endogenous peroxynitrite and Aβ-induced mitochondrial fragmentation and
neuronal cell death by neuronal internalization. This is followed by CNPs accumulation at
the proximity of the mitochondrial and plasma membranes. The concentration of protein
tyrosine nitration and reactive nitrogen species in neurons exposed to peroxynitrite
decreases with CNPs having higher Ce4+; thus preventing mitochondrial dysfunction and
neuronal cell death suggestive of a potential treatment of for neurodegeneration disease
[4, 44]. Citrate/EDTA coated CNPs (size 3 nm) have also demonstrated their
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effectiveness in targeting affected brain tissues in experimental autoimmune
encephalomyelitis (EAE) induced rat model of multiple sclerosis by passing through the
blood-brain barrier which results in a decrease of reactive oxygen species (ROS) [44, 66].
Results of in-vivo study of ischemic shock (caused by ROS) induced rats treated with 34 nm phospholipid PEGylated CNPs show an increased concentration of CNPs in the
brain as compared to liver and kidneys; thus revealing the therapeutic protection towards
ischemic brain tissue due to mixed oxidation state (Ce3+ and Ce4+) [44, 67].
However, the antioxidant properties of CNPs are highly dependent on particle size
as well as on surface coating [49]. It is clearly evident from the above-mentioned studies
that the scavenging ability of CNPs and their enzyme-mimetic activities towards different
radicals is dependent on their surface oxidation state. Radiation treatment [68], doping
[69, 70] and high-temperature treatment [69] are common methods used to tune the
surface oxidation state or catalytic activity of CNPs. Kumar et al. [68] irradiated (2MeV
helium ions) single and polycrystalline cerium oxide film grown by molecular beam epitaxy
and reported 13% and 19% increase in trivalent cerium concentrations, respectively.
Another study by Kumar et al. [69] showed that Eu doping in cerium oxide lattice by coprecipitation method result in Ce3+ oxidation state (18.3% to 23.5% for 1 mole% Eu-CNPs
and 30 mole% Eu-CNPs, respectively) and when subjected to high-temperature
annealing treatment, Ce3+ oxidation state concentration decreased to 14.0%. Defect
concentration of 1 mole% Eu-CNPs and 30 mole% Eu-CNPs increased from 1.61x1020
cm-3 to 4.03x1020 cm-3, respectively [69]. However, large scale agglomeration was
observed in the synthesized nanoparticles which make them unlikely to use for the
biomedical application. Additionally, irradiation method for tuning the surface oxidation

16

state of CNPs require radiation facility and will be a challenge for scale up process. The
surface oxidation state of CNPs also depends on the particle synthesis methods
employed [3, 43]. Therefore, different preparations scavenge different radicals. However,
it is very hard to control physical parameters while synthesizing different surface oxidation
state CNPs. High temperature synthesis results in higher Ce4+ oxidation state and bigger
particle size. Moreover, low temperature synthesis in basic medium without capping
agents, also results in higher Ce4+ oxidation state with no control over particle size. The
use of a capping agent solves the problem of agglomeration. It is clearly evident from
discussion that doping is successful and relatively easy method to change surface
chemistry of CNPs. In the present study, we establish a synthesis method by combining
doping method with capping agent and room temperature synthesis to control the surface
oxidation state of a stable CNP solution while controlling the size of the particles and
prevent CNPs agglomeration. Doping of trivalent elements in the cerium oxide lattice is
an ideal pathway to increase the Ce3+ oxidation state and the accompanying bio-catalytic
properties of these CNPs. For therapeutic applications of nanomaterials, nanoparticles
should be well-dispersed, biocompatible and have a narrow size distribution. Synthesis
by the precipitation and micro-emulsion routes are commonly used for the synthesis of
doped nanoparticles [70-73]. However, broad size distributions and agglomeration of
nanoparticles limit the use of the precipitation method in biomedical applications.
Additionally, the use of surfactants (AOT, Igpal etc.) and residue from organic phases
increases the concern of potential toxicity.
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2.2 Experimental
2.2.1 Materials
Cerium(III) nitrate hexahydrate (Ce(NO3)3·6H2O, purity >99.999%), Samarium(III)
nitrate

hexahydrate

(Sm(NO3)3·6H2O,

purity

>99.999%),

Lanthanum(III)

nitrate

hexahydrate (La(NO3)3·6H2O, purity >99.999%), Erbium(III) nitrate pentahydrate
(Er(NO3)3·5H2O, purity >99.999%) and dextran (Mw=1000 Da) were supplied by Aldrich
Chemical Co. (Milwaukee, WI). Ammonium hydroxide (NH4OH, 1N solution) was
procured from Alfa Assar. All the chemicals were used without further purification.
2.2.2 Synthesis of doped cerium oxide nanoparticles (CNPs)
Rare earth element doped CNPs have been synthesized by a precipitation method
under the protective environment of biocompatible polymer dextran. 125 mg of dextran
were dissolved in 25 mL of deionized water (dH2O) at room temperature. Aqueous
solution of dextran was stirred for 30 minutes to completely dissolve/disperse the polymer.
Stoichiometric amount of cerium and dopant precursor (nitrate) were added in the
aqueous dextran solution and further allowed to stir for 30 minutes. In the next step, 100
µL 1N ammonium hydroxide was added to the solution which eventually convert the
cerium and dopant precursors into the doped cerium oxide. To completely oxidize the
precursors, solution was allowed to stir for 15 minutes. Reaction between precursors and
ammonium hydroxide is shown in equation (18-19). The whole reaction was carried out
at room temperature. Recent study have reported that exposure of dextran coated CNPs
to light leads to the change in oxidation state of cerium oxide [34], therefore suspensions
of doped CNPs were kept in the dark.
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2.2.3 Characterization of doped nanoparticles
For X-ray diffraction (XRD) studies, as-synthesized samples were dialyzed against
750 mL dH2O in 3500 MCO cellulose tube to remove the excess dextran. XRD spectrum
from dialyzed samples were recorded using Rigaku D/Max diffractometer with
monochromatic Cu Kα radiation (λ = 1.5418 A°) to check the phase separation between
cerium oxide and dopant. Size, morphology and crystallinity of doped CNPs were
evaluated using Philip (FEI Tecnai F30) high resolution transmission electron microscopy
(HRTEM) operated at 300 keV. X-Ray photoelectron spectroscopy (XPS) studies were
conducted to estimate the relative fraction of Ce3+ and Ce4+ oxidation states on the
surface of nanoparticles, confirm the doping element and relative atom% of doping in
mixed oxides. Perkin-Elmer 5400 ESCA system (Mg Kα X-ray irradiation (1253.6 eV) and
300 W power) was utilized for XPS studies. Zetasizer (Nano-ZS) from Malvern
Instruments, Houston, TX was used to measure surface charge of the nanoparticles.
2.2.4 Catalytic activity
Quantitative determination of superoxide dismutase (SOD) and catalase activity of
doped CNP nanoparticles were carried out with SOD assay kit [Sigma Aldrich, Kit
#19160-1KTF] and Amplex® Red hydrogen peroxide assay kit [Invitrogen, Catalog
Number # A22188], respectively. Both, SOD and catalase activity were measured at three
different pH solution; (i) Acetic acid buffer, pH 4.45, (ii) water pH 7 and (iii) HEPES buffer,
pH 8. Prepared doped CNPs solutions were diluted to 1 mM using buffer solutions and
water. Three different pH solutions were chosen to demonstrate the effectiveness of CNP
in acidic, neutral and basic condition. % SOD activity of doped and un-doped CNPs were
calculated using equation (17).
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% 𝑆𝑂𝐷 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 = [

(𝑆1−𝑆3)−(𝑆𝑆−𝑆2)
(𝑆𝑖−𝑆3)

] ∗ 100

(17)

Where, S1: slope of blank 1, S2: slope of blank 2, S3: slope of blank 3, SS: slope of
sample.
Where, Blank 1: Water (20μL) + WST working solution (200μL) + Enzyme working
solution (20μL)
Blank 2: Sample solution (20μL) + WST working solution (200μL) + Dilution buffer (20μL)
Blank 3: Water (20μL) + WST working solution (200μL) + Dilution buffer (20μL)
Sample (SS): Sample solution (20μL) + WST working solution (200μL) + Enzyme working
solution (20μL)
2.2.5 Cell culture
2.2.5.1 Toxicity assessment of doped CNPs.
Dextran-coated CNPs have demonstrated their non-toxic behavior for healthy cells
[63]. However, it is necessary to evaluate the toxicity of doped CNPs. This study was
conducted with primary HUVEC cell line for preliminary results. HUVEC cells were
cultured in 96-well plates and exposed to CNPs for 48 hours [43]. Thiazoyl blue
tetrazolium bromide (MTT, 1.2 mM) was added in each well at the end. Cell viability was
analysed as ratio of the absorbance value of treated samples to untreated controls [43].
Cell viability was reported in percentage of control.
2.2.5.2 Intercellular ROS estimation.
Again, HUVEC cells were seeded with a density 3000-5000 cells/well in 96 well
plates and incubated for 24 hrs for preliminary study. Later, a known amount of H 2O2 with
or without doped CNPs were added in each well and again incubated for 24 hrs. After
incubation, growth media was removed and cells washed with PBS solution twice and
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exposed to 50 μM DCFDA in PBS solution for 30 minutes. Plates were then analyzed
using fluorescence spectrophotometry at 485 nm. The amount of fluorescence intensity
is directly proportional to ROS.
2.2.5.3 Confocal microscopy.
30,000 HUVEC cells were seeded per cover slip and then incubated overnight.
Cells were treated with different nanoparticles (CNPs, CNPs -10% La, CNPs-10% Sm,
CNPs-10%-Er) at 1 µM and incubated for 3 hr. Next, H2O2 (final concentration 10 µM)
was added to the wells with or without nanoparticles and incubated for 6 hr. Then cells
were washed with sterile saline three times and 2',7'-dichlorodihydrofluorescein diacetate
(H2DCFDA; final concentration 50 µM) was added to the wells, and incubated for 30 min.
Finally, cells were washed with sterile saline and immediately, imaged under a confocal
(Carl Zeiss confocal microscope with Volocity image processing software) microscope as
described in our previous publication [74].
2.2.5.4 Fluorescence spectroscopy.
3,000-5,000 HUVEC cells were seeded in 96-well black or fluorescence plate and
incubated overnight. Cells were treated with different nanoparticles (CNPs, CNPs -10%
La, CNPs-10% Sm, CNPs-10%-Er) at 1 µM and incubated for 3 hr. Next, H2O2 (final
concentration 10 µM) was added to wells with or without nanoparticles and incubated for
6 hr. Then cells were washed with sterile saline three times, and 2',7'dichlorodihydrofluorescein diacetate (H2DCFDA; final concentration 50 µM) were added
to the wells and incubated for 30 min. Finally, cells were washed with sterile saline and
fluorescence intensities were measured using Fluostar Omega form BMG labtech.
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2.3 Results and discussion
In this study, we synthesized CNPs doped with lanthanum (La), samarium (Sm)
and erbium (Er) to alter the Ce3+/Ce4+ oxidation state in a controlled way for different
applications. These dopants were selected based on their ionic radius. The ionic radius
of Sm3+ (0.96Å) lies between Ce3+ (1.03Å) and Ce4+ (0.92Å). The ionic radius of Er3+ (0.87
Å) is smaller than Ce4+, whereas the La3+ (1.06 Å) ionic radius is bigger than Ce3+. To
demonstrate the tunability of surface Ce3+ to Ce4+ ratio, dopant concentration was varied
as 5, 10 and 20 mole percent. Rare earth element-doped CNPs have been synthesized
by a precipitation method in presence of 1000 molecular weight biocompatible polymer,
dextran, at room temperature. Therein, Dextran was dissolved in 25 mL of deionized
water (dH2O) at room temperature. Then, a stoichiometric amount of cerium and dopant
nitrate precursors were added to the aqueous dextran solution followed by addition of 1
N ammonium hydroxide. To completely oxidize the precursors, the solution was stirred
for 15 minutes. A synthesis schematic of dextran-coated, doped CNPs is presented in
figure 6. The reaction between precursors and ammonium hydroxide is shown in equation
(18 and 19).
Doped CNPs
Ce(NO3)3.6H2O, NH4OH
Precursor of doping element

Rare earth doping elements
(La, Sm or La)

Figure 6: Schematic of synthesis of dextran coated doped cerium oxide nanoparticles.
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𝐶𝑒(𝑁𝑂3 )3 . 6𝐻2 𝑂 + 𝑥𝑀(𝑁𝑂3 )3 + 𝑁𝐻4 𝑂𝐻 → 𝐶𝑒1−𝑥 𝑀𝑥 (𝑂𝐻)4 + 𝑁𝐻4 𝑁𝑂3 + 𝐻2 𝑂
𝐶𝑒1−𝑥 𝑀𝑥 (𝑂𝐻)4 → 𝐶𝑒1−𝑥 𝑀𝑥 𝑂2−𝑦 + 2𝐻2 𝑂

(18)
(19)

Where M is doping element (La, Sm and Er), x is mole fraction and y is a stoichiometric
value of oxygen vacancies. Recently, a study has reported that exposure of dextrancoated CNPs to light leads to a change in the oxidation state of cerium oxide [34];
therefore, suspensions of doped CNPs were kept in dark. For X-ray diffraction (XRD)
studies, as-synthesized samples were dialyzed against 750 mL dH2O in 3500 MCO
cellulose tubes to remove the excess dextran. The XRD spectra of dialyzed samples were
recorded to check the phase separation between cerium oxide and the dopants. Size,
morphology and crystallinity of doped CNPs were evaluated using HRTEM.
XRD spectra of dextran–coated, doped CNPs show a broad peak representative
of the (111), (200) and (311) lattice planes (Figure 7). Peaks correspond to (200) and
(222) were not clearly visible due to peak broadening (particle size 5-7 nm) and the
presence of dextran on the nanoparticles’ surfaces [34]. Doped CNPs have a particle size
of 5-7 nm with a uniform size distribution [Figure 8(a, b)]. Presence of lattice fringes and
the concentric ring pattern in SAED obtained from 20 mole% Sm-doped CNPs confirm
the crystalline nature of the nanoparticles. The indexed SAED pattern shows the FCC
lattice structure corresponding to cerium oxide: further suggesting the absence of phase
separation between cerium oxide and dopants [Figure 8(c)]. The presence of rare earth
elements in the cerium oxide matrix was also confirmed by EDAX [Figure 8(d)]. It is also
important to mention here that doped CNP solutions maintain their colloidal stability for
more than a year: indicating good shelf life. The particle size distribution for 10 mole%
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Sm-doped CNPs shows only a single peak: demonstrating that particles are welldispersed [Figure 9].
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Figure 7: X-ray diffraction pattern of doped CNPs with dextran CNP exhibit the fluorite
structure represent a fluorite structure correspond to commercially available CNP.
Presence of dextran of CNPs surface and reduction in particle size are attributed to
peak broadening. Absence of additional peaks suggests the formation of doped CNPs
and dopants do not form additional oxide because of phase separation.
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Figure 8: (a) HRTEM micrographs of 20 mole% Sm doped CNPs showing uniform
distribution of nanoparticles of 2-7 nm size. Indexed selected area diffraction pattern
belong to FCC fluorite crystal structure. (b) Energy dispersive X-ray analysis spectrum
of 20 mole% Er doped CNPs shows the elemental composition corroborating the
presence of Yb, Er, in cerium oxide. Presence of Cu is from copper TEM grid.
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Figure 9: Particle size distribution of 10 mole% Sm doped CNP after one year of
synthesis showing the colloidal stability and higher shelf life of nanoparticles.
Smaller size and presence of dextran on the surface of CNPs make it difficult to
confirm doping of rare earth elements in the cerium oxide lattice. We have used energyfiltered transmission electron microscopy (EFTEM) and electron energy loss
spectroscopy (EELS) to confirm the doping. EFTEM has emerged as a reliable technique
to observe the distribution of doping elements in nanostructured and semiconductor
materials in recent years [75-77]. Again, the presence of dextran on the surface of
nanoparticles (size of 5-7 nm) possess extreme difficulty in obtaining the EELS and
EFTEM spectra. To avoid these problems, a 20mole% Sm-doped CNPs were prepared
without dextran at room temperature. This preparation leads to agglomeration of
nanoparticles as seen in figure 10(a). A large area of Sm-doped CNPs were selected for
EFTEM to provide evidence of uniform dopant distribution in the cerium oxide matrix.
EELS spectrum collected from figure 10(a) shows the presence of Ce and Sm with M5
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(1086 eV) and M4 (1110 eV) peaks of Sm and M5 (885 eV), M4 (903 eV) and M3 (1196
eV) of Ce [Figure 10(b)]. 19.7 atom% of Sm was quantified from the analysis of EELS
spectra which is close to the amount of precursor added during synthesis. Figures 10(c),
10(d), and 10(e) represent the Ce, Sm and Ce-Sm composite elemental map from the
area shown in figure 10(a). The Ce-Sm composite map provides additional evidence of
uniform Sm distribution in the cerium oxide matrix. It is also evident from figure 10(e) that
Sm was slightly aggregated. This is due to the room temperature synthesis from which
no extra energy was provided for the diffusion of dopant into the cerium oxide matrix.

Figure 10: (a) HRTEM micrograph of 20mole% Sm-doped CNPs prepared without
dextran at RT showing 5-7 nm crystalline particles. (b) Electron energy loss
spectroscopy (EELS) spectrum of (a) confirming the presence of Ce and Sm in sample.
(c)-(e) Elemental map of Ce, Sm and composite Ce-Sm map, respectively showing
uniform distribution of Sm in Ce matrix.
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An ab initio simulation study has suggested that a maximum of 50 mole% of
dopants can be substituted into the cerium oxide lattice (for particles prepared by a microemulsion method, with AOT as a surfactant, in toluene with excess amount of H 2O2) [70].
This arises from the exothermic dissociation of hydrogen peroxide which helps in the
diffusion of the dopant uniformly in the lattice [70]. Since, in the current study,
nanoparticles were prepared at room temperature distribution in the cerium oxide matrix.
It is also evident from figure 10(e) that Sm was slightly aggregated. This is due to the
room temperature synthesis from which no extra energy was provided for the diffusion of
dopant into the cerium oxide matrix. Since, in the current study, nanoparticles were
prepared at room temperature and with a minimal amount (100 μL) of NH 4OH used,
achieving 20 mole% doping is encouraging. It appears that dextran coating decreases
the activation energy required to facilitate doping into the cerium oxide matrix. Moreover,
the valence state of Ce and the dopant precursor are the same; therefore, each have a
similar probability of forming a complex/binding with dextran. Hence, this reaction
proceeded at a high rate (only 15 mins to complete) after addition of NH 4OH to the
solution disallowing sufficient time for dopant segregation. It is well known from the
literature and classic diffusion experiment that diffusion (two element system) or selfdiffusion (isotope system) that concentration of dopant varies along the reference frame
to achieve lowest energy state with time at isothermal treatment as well as with increasing
temperature. Kuo et al. [78] have studies the effect of doping concentration and annealing
temperature on structural, optical and electrical properties of Al doped ZnO. This study
reveal that electrical conductivity and crystallinity improves with increasing annealing
temperature due to higher diffusion rate. Another classic study of hydrostatic pressure,

28

temperature and doping on tracer diffusion of 71Ge in Ge single crystal is by Werner et al.
[79]. They reported increase in diffusivity with doping due to vacancy mechanism.
However, increasing reaction temperature or annealing temperature can improve the
distribution of doping element in cerium oxide lattice, but at higher temperature Ce 3+ will
convert to Ce4+ to stabilize electronic configuration. Thus the purpose of tuning the
surface chemistry of CNPs will be lost. Furthermore, increased dopant concentration (>20
mole%) will lead to high agglomeration of Sm, thus decreasing the potential catalytic
properties.
To understand the effect of dopants on surface chemistry and determine the
relative fractions of Ce3+ and Ce4+ oxidation states on the surface of doped CNPs, XPS
studies were carried out. Deconvoluted XPS Ce (3d) spectrum of dextran CNPs and 20
mole% La, Sm and Er doped CNPs are shown in figure 11. Peaks v0, v’, u0 and u’
correspond to Ce3+, whereas peaks v’’’, v’’, v, u’’’, u’’ and u are attributed to Ce4+ [80]. The
ratio of the integrated area of Ce3+ peaks fitted with a Gaussian distribution to the total
area under peaks provides semi-quantitative analysis of Ce3+ ions at the surface of CNPs.
The relative fractions of Ce oxidation state in doped CNPs are presented in table 2. XPS
analysis showed up to 40% increase in Ce3+ ion concentration in doped CNPs as
compared to the control dextran CNPs (see Table 2) because trivalent dopants substitute
Ce4+ ions in lattice. The presence of one Ce3+ oxidation state creates two oxygen
vacancies in the cerium oxide lattice. Hence, increases in Ce3+ ion concentration also
lead to higher oxygen vacancies.
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Figure 11: Deconvoluted peak-fitted XPS spectrum of Ce (3d) from (a) pure dextran
CNPs, (b) 20 mole% La doped CNPs, (c) 20 mole% Sm doped CNPs, and (d) 20
mole% Er doped CNPs. Doping in CNPs lattice able to increase surface concentration
of Ce3+ ions. Surface ions concentration on CNPs surface was measured from the
integrated area under peaks corresponding to Ce3+ and Ce4+.
It is also important to note that the relationship between dopant concentration and
Ce3+ oxidation state is not linear. The reasons behind this non-linear relationship could
be a combination of the imposed lattice strain and the competition between Ce 3+ and M3+dopant ions to bind at C2-, C2-C3 or C3-C4 hydroxyl group positions in the α-1,6 D-glucose
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unit of dextran (because of equal probability and valence state) [81]. As mentioned above
the ionic radius of Ce3+ is larger than Ce4+; therefore, a larger lattice strain is developed
in the nanoparticles. Therefore, the ionic radius of dopant atoms will play an important
role in lattice stabilization and may influence the linearity between dopant concentration
and Ce oxidation state. Changes in relative peak positions as compared to the dextran
CNP control further confirm the change in electronic structure due to the presence of
dopant in the cerium oxide lattice.
Table 2: Summary of surface oxidation state of Ce from XPS and zeta potential
Material

Ce3+ (%)

Ce4+ (%)

Zeta Potential (mV)

Dextran CNP

48.75

51.25

-15.33±0.98

5mole% La-CNP

67.95

32.05

-11.20±2.77

5mole% Sm-CNP

63.80

36.20

-3.89±0.65

5mole% Er-CNP

57.32

42.68

-22.73±0.31

10mole% La-CNP

55.12

44.88

-20.93±1.68

10mole% Sm-CNP

54.83

45.17

-10.9±0.46

10mole% Er-CNP

59.69

40.31

-21.33±0.95

20mole% La-CNP

63.81

36.19

-7.73±1.68

20mole% Sm-CNP

51.68

48.32

-7.90±0.46

20mole% Er-CNP

62.46

37.54

-18.23±0.23

Superoxide dismutase (SOD) and catalase mimetic activities of doped CNPs at pH
7 are shown in figure 12 along with %SOD activity with varying mole fraction of the dopant.
The SOD activity of doped CNPs were also measured in acetic acid (pH 4.5) and HEPES

31

buffer (pH 8), and reported in figure 13. All doped CNPs exhibited higher SOD activity,
over control CNPs, in acidic, basic and neutral conditions. The 10 mole% doped CNPs
had the highest SOD activity as compared to 5 and 20 mole% doped CNPs of the same
dopants [Figure 12(a, b, c)]. This behavior is also clearly visible from the plot of %SOD
activity vs %Doping [Figure 12(d, e, f)]. Percentage improvements in SOD activity with
reference to Dextran CNP for different doped CNPs are calculated using equation (20)
and presented in figure 14. The bio-catalytic activities of these samples provides insight
into the effective doping concentration at room temperature. It is evident from figure 12(d),
(e), and (f) that Er quickly attained saturation for %SOD activity, whereas La and Sm did
not. The SOD activity of La- and Sm- doped CNPs can be further improved with higher
dopant concentration and temperature. The correlation between the catalytic activity of
doped CNPs with specific dopants (Sm, La or Er) can be explained from their association
energy with Ce. Sm and La have positive association energies with Ce [82-84]. As a
result, Er repels O-vacancies while La and Sm trap O-vacancies and form complexes.
Therefore, the Ce4+ to Ce3+ reduction decreases in the case of Er and increases for La
and Sm. Hence, La and Sm bonding with Ce is stronger; thus, it is easier to substitute La
and Sm ions into the cerium oxide lattice. On the other hand, more efforts/energy is
required to substitute Er into the cerium oxide lattice. The improvement in SOD activity
and Ce3+ ions for Er doped CNPs further strengthens our hypothesis that dextran lowers
the doping activation energy, facilitating doping in the cerium oxide matrix, and binds ions
together.

32

Figure 12: (a)-(c) Superoxide dismutase activity of La, Sm and Er doped CNPs, respectively at neutral pH 7. (d)-(f) %SOD
activity of doped CNPs with variation in dopant concentration. (g)-(i) Catalase mimetic activity of La, Sm and Er doped
CNPs, respectively at neutral pH 7.
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Figure 13: Superoxide dismutase activity (SOD) of doped CNPs. (a)-(c) at basic pH 8
and (d)-(e) at acidic pH 4.5. SOD activity represents the scavenging of super oxide
radicals and measured at 565nm.
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Figure 14: Percentage improvement in SOD activity with doping element and
concentration with reference to dextran CNPs.
% 𝑆𝑂𝐷 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦𝑠𝑎𝑚𝑝𝑙𝑒

% 𝑆𝑂𝐷 𝐼𝑚𝑝𝑟𝑜𝑣𝑒𝑚𝑒𝑛𝑡 = [% 𝑆𝑂𝐷 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦

𝐷𝑒𝑥 𝐶𝑁𝑃𝑠

] ∗ 100

(20)

At acidic pH 4.5 doped CNPs showed an improved SOD activity over dextran
CNPs. However, the effect of dopant concentration is unclear because at high acidic pH,
surface ions equilibrate to such an extent that no significant change in SOD activity could
be observed [85]. Therefore, these doped CNPs will demonstrate superior performance
over dextran CNPs for therapeutic application in highly acidic conditions. It is also evident
from figure 12(c) that all the Er-doped CNPs have improved SOD activity over pure
dextran CNPs. Among all three dopants, the Sm doped CNPs showed the highest SOD
activity followed by La and the lowest for Er-doped CNPs. This ordering was attributed to
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the dopant atoms association energy with O-vacancies and the high surface Ce3+
concentration. CNPs with higher Ce3+ concentrations show increased SOD activity. On
the other hand, CNPs with higher Ce4+ concentration demonstrate better catalase activity.
Thus, SOD and catalase are complementary to each other. It is clear from figure 12(g)-(i)
that the catalase activity of La-doped CNPs is greater than Er- and lowest for Sm- doped
CNPs. Similar to SOD activity, the catalase activity of doped CNPs is also higher than
dextran CNPs at pH 4.5 (see Figure 15).
Confocal microscopy revealed that all CNPs with or without doping were able to
reduce intracellular ROS when induced with 10 µM H2O2 for 4 hr (Figure 16). However, it
was difficult to compare the scavenging activities among the doped CNPs from the
confocal image. Therefore, quantification of the intracellular ROS was carried out using
fluorescence spectroscopy (Figure 17). Similar to confocal results, fluorescence data
showed that, irrespective of doping, all CNPs were able to scavenge significant (P<0.005)
amounts of intracellular ROS. CNPs and CNPs with 10% Er and 10% Sm doping showed
a comparable amount of ROS scavenging, whereas 10% La doped CNPs showed
maximum scavenging. This data is in accordance with the test tube catalase activity:
where we have seen that CNPs with La doping possess the highest amount of H2O2
scavenging compared to other CNPs.
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Figure 15: Catalase mimetic activity of doped CNPs. (a)-(c) at basic pH 8 and (d)-(e) at
acidic pH 4.5. Catalase activity represents the conversion of hydrogen peroxide into
oxygen with time and remaining hydrogen peroxide levels measured at 240nm.
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Figure 16: Intracellular ROS scavenging properties of CNPs using confocal microscopy.
Pre-treatment with CNPs with or without doping (1 µM final concentration) able to
decrease intracellular ROS induced by H2O2 (10 µM final concentration) for six hours.
Scale bar 100 µm.
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Figure 17: Quantification of intracellular ROS scavenging properties of CNPs with and
without doping using fluorescence spectroscopy. Pre-treatment with CNPs with or
without doping (1 µM final concentration) are able to decrease intracellular ROS
induced by H2O2 (10 µM final concentration) for four hours and La doping showed
maximum scavenging property.
As mentioned above, cerium oxide has been found useful for therapeutic
applications such as Alzheimer’s disease, cancer, multiple sclerosis etc. [44, 66, 86].
Despite this, it is always necessary to evaluate CNPs developed using new synthesis
procedures for cell viability or biocompatibility. To assess the effect of doped CNPs in a
biological model, a monolayer of HUVEC cells were cultured and exposed to different
concentrations of doped CNPs. Since the highest catalytic activity in scavenging ROS
was demonstrated by 10 mole% doped CNPs, these 10 mole % CNPs were tested for
bio-compatibility. Figure 18 shows no adverse toxicity toward HUVEC cells in presence
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of doped CNPs for the concentration range 1-50 μM. It is evident from figure 18 that cell
viability does not vary significantly from the control.

Figure 18: Cell viability of HUVEC cells at different concentration of 10mole% La doped
CNPs, 10mole% Sm doped CNPs, and 10mole% Er doped CNPs.
2.4 Conclusions
In this study, we have demonstrated a one-step method to fine-tune the surface
Ce3+/Ce4+ ratio by appropriate selection and amount of rare earth element doping at room
temperature. EFTEM study revealed successful doping and a uniform distribution in the
CNP lattice. The doping of CNPs lattice with trivalent dopants significantly increased the
surface Ce3+ ions concentration and produced superior SOD mimetic activities, as
expected. These, higher Ce3+-containing CNPs were efficient scavengers of intracellular
ROS. Therefore, using this synthesis method, properly-tuned CNPs can be tailored for
specific biological application (higher Ce3+ to target inflammation or Ce4+ for
anticancer/antibacterial activity).
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CHAPTER THREE: MIMICKING THE CERIUM OXIDE NANOPARTICLES
REDOX BEHAVIOR ON ATOMIC LAYER DEPOSITED THIN FILMS
3.1 Introduction
Cerium oxide has many technological (oxygen sensors [41, 42], solid oxide fuel
cells [40], catalytic converters [38, 39], corrosion resistance coatings [37], high k-dielectric
material) and healthcare applications in electrochemical biosensors [18], radiation
protection, cancer therapeutic agent, radical scavenger etc. Magnetron sputtered CeO2
thin films on SiO2 substrate have been explored as optical waveguides [87]. CeO2 thin
films as buffer layer between the substrate (Si or sapphire) and YBa2Cu3O7 has
application in High-Tc superconductors [88, 89] High dielectric constant, dielectric
strength, and moderate band gap of CeO2 also present it as a potential candidate for high
k-dielectric material for CMOS devices. Other factors such as lattice constant (Si 5.431 Å
and CeO2 5.411 Å; mismatch 0.36%) and thermodynamic stability also project it as a
potential candidate [90-92].
Cerium ions exist in dual oxidation state (Ce3+ and Ce4+) and due to low reduction
potential, cerium oxide exhibit redox cycling behavior. Upon conversion from Ce 4+ ion to
Ce3+ ion, two oxygen vacancies are generated in the cerium oxide lattice, there it also
acts as oxygen buffer. Due to redox cycling and low reduction potential, cerium oxide
nanoparticles (CNPs) has shown its effectiveness as antioxidant material for scavenging
reactive oxygen species (ROS) and reactive nitrogen species (RNS). CNPs having higher
Ce3+/Ce4+ ratio scavenge superoxide and hydroxyl radicals (OH*). Whereas lower
Ce3+/Ce4+ ratio CNPs scavenge hydrogen peroxide (H2O2) and nitrox oxide radicals
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(NO*). Furthermore, CNPs also regenerates its surface over time, therefore, antioxidant
properties last for long period of time.
Metallic orthopedic implants are commonly used in total hip and knee
replacements, dental restoration and support material as bone in case of accidents.
These metallic implants contain a thin layer of oxide which help to grow tissues and
proliferate due to their biocompatibility. However, due to highly corrosive nature of human
body and relative motion of implant with bone, wear debris are generated at the implanttissue interface. The interaction between wear debris and tissue result in the generation
of ROS which causes inflammation. Therefore, patient needs a revision surgery after
some time. CNPs mitigate the inflammation in cells by scavenging ROS.
Coating of cerium oxide at the implant surface can scavenge ROS produced by
the TiO2-cell interaction and delay the revision surgery. In this chapter, ALD thin films of
varying thickness have been grown and their surface chemistry has been analyzed in
comparison to CNPs. Mimicking the surface chemistry of CNPs on ALD cerium oxide
coatings have many potential application such as anti-inflammatory coatings, sensor
platform, catalyst for chemical degradation etc. The bio-catalytic activity of ALD cerium
oxide coatings has been tested and correlated with their surface chemistry. Furthermore,
ALD grown cerium oxide coatings have been tested to detect H2O2 as a model system
to develop sensor platform.
3.2 Materials and method
3.2.1 Film deposition
Cerium precursor tris(i-propylcyclopentadienyl)cerium [Ce(iPrCp)3] was procured
from Strem Chemicals, Inc., Newburyport, MA, USA. Analytical grade water (H 2O) was
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purchased from Sigma-Aldrich, USA. Water was used as oxidizer during ALD. Cerium
oxide thin films were deposited in a Savannah S200 G2 ALD reactor (Ultratech/
Cambridge NanoTech, Waltham, MA, USA) equipped with low vapor pressure delivery
(LVPD) kit. Cerium precursor Ce(iPrCp)3 was contained in a stainless steel bubbler. The
Ce(iPrCp)3 was evaporated at 135 C to generate enough vapor pressure for ALD.
Bubbler valves and lines were maintained at 145 C, whereas manifold was kept at 160
C. This temperature gradient was maintained during the deposition process to prevent
the formation of a cold spot in precursor delivery line, the condensation of Ce(iPrCp)3.
H2O cylinder was maintained at room temperature. Ultra-high purity (99.999%) N2 gas
was used as carrier gas to carry the precursor vapors to the reactor chamber. N 2 was
also utilized to purge the reactor between the precursor pulses. Cerium oxide thin films
were deposited at 275 C and temperature of the exhaust lines were at 150 C.

Figure 19: Precursor pulse and purge sequence used for the atomic layer deposition of
cerium oxide.
As shown in figure 19, deposition sequence consisted of two consecutive pulses
of Ce(iPrCp)3 (exposure time 2.5 sec) a 10 sec purge with N2, followed by 0.05 sec
exposure pulse of H2O and a final 10 sec purge with N2. Carrier gas flow was controlled
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at 80 sccm by a mass flow controller (MFC). Cerium oxide thin films were grown on silicon
(100) substrates.
3.2.2 Film characterization
Ex-situ measurements were performed to determine the film thickness, structure,
surface chemistry, and morphology. Film thickness was determined by X-ray reflectivity
(XRR) A PANalytical X'Pert³ Materials research Diffractometer (MRD) having Cu-Kα
radiation source was employed for XRR. The crystallinity of films was studied using
Panalytical Empyrean having Cu-Kα radiation source. X-ray photoelectron spectrometer
(XPS) measurements were performed on PE-PHI5400 spectrometer at room temperature
in ultra-high vacuum (UHV) chamber (4× 10−9 Torr) using Al-Kα radiation (binding energy
1486 eV). The spot size of the beam was approx. 4 mm spot size. C 1s peak at 284.6 eV
was used as a reference for calibration. Peakfit® software was utilized for deconvolution
to identify the oxidation states of Ce (3d), O (1s), and Si (2p). Zeiss Ultra 55 scanning
electron microscopy was used to obtain morphology of ALD deposited CeOx thin films on
Si substrate. FTIR spectra were collected to identify the presence of residue of metalorganic Ce
precursor using PerkinElmer Spectrum One® spectrometers.
3.2.3 Catalytic activity
Quantitative determination of catalase (CAT) mimetic activity of 50, 200, 500 and
1000 cycle CeOx samples was carried out using commercially available Amplexs Red
hydrogen peroxide assay kit [Invitrogen, Catalog Number #A22188]. A minor modification
was done from the standard protocol where the reaction was performed in 1ml quartz
cuvette with a total reaction mixture of 1 ml each. H2O2 concentration in the reaction
mixture was kept at 1 μM and added to initiate the reaction in last. Control and ALD CeOx
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samples were used for the reaction and measurements were performed at 560 nm for a
time duration of 20 minutes using the Perkin-Elmer Lambda 750S UV/Visible
spectrometer and the data was plotted accordingly.
3.3 Results and discussions
The thickness of ALD grown CeOx films is plotted as a function of number of cycles
in figure 20. Film thickness increases with the increase of number of cycles during the
process. Thickness of 2, 7, 17 and 33 nm corresponds to 50, 200, 500 and 1000 cycles,
respectively. A linear dependence shows the complete self-limiting CeOx films, a
characteristic of ALD process. Self–limiting behavior of films reveal that two consecutive
pulse of Ce(iPrCp)3 for 2.5 sec followed by one 50 msec pulse of oxidizer is sufficient to
produce CeOx thin films utilizing low vapor pressure delivery kit (LVPD). Essex et al [93]
have deposited CeO2 film using six pulses of Ce(iPrCp)3 per cycle (H2O as oxidizer) at
250 C to achieve the complete coverage of substrate. This clearly exemplifies the
importance of LVPD kit for the deposition of thin films using precursor having very low
vapor pressure. The growth rate of the films calculated from the slope of the line of linear
fit is 0.33 Å/cycle. The coefficient of linear fit (R2) value of 0.9998 shows good linear fit of
obtained data. Extrapolation of fitted data shows an intercept of 0.48 nm at y-axis. This
could arise from the adsorbed water/Si-OH on the substrate surface.
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Figure 20: Thickness of CeOx films as a function of the number of deposition cycles on
a Si (100) at 275 °C.
Calculated growth rate (0.33 Å/cycle) is close to the reported values in the
literature. Päivsaari et al. [94] obtained a growth rate of 0.32 Å/cycle and 0.34 Å/cycle for
Ce(thd)4 and Ce(thd)3phne precursors with ozone, respectively. The growth rate of 0.35
Å/cycle has been reported for plasma enhanced (PE)-ALD process where oxygen plasma
was used to oxidize the Ce precursor and deposition were carried out at room
temperature [90]. During this process, precursor Ce(iPrCp)3 was heated at 135 C, line
temperature was at 145 C and LVPD (bubble) was used. Comparison of this study to our
findings shown that use of oxygen plasma in ALD process can significantly bring down
the CeO2 deposition temperature without compromising growth rate. Another advantage
associated with PE-ALD is the lower time required per cycle. However, PE-ALD could not
compensate the heating requirement of low vapor pressure precursors.
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Figure 21: XRD spectrum of CeOx films deposited for different ALD cycles on a Si (100)
at 275 °C.
The crystallinity of deposited ALD CeOx films was evaluated by XRD and
presented in figure 21. Films deposited for 200, 500 and 100 cycles are polycrystalline
and clearly exhibiting (111), (200), (220) and (311) peaks of CeO 2. No preferred

47

orientation was observed in the high deposition cycles films. However, post deposition
annealing treatment result in preferred (200) orientation [94, 95]. Films deposited only for
50 cycles appears to be amorphous in nature. For 50 cycle sample, no sharp diffraction
are visible except a minor peak at 50.62 (Figure 21, 22). This minor peak corresponds
to Ce2O3 which has trigonal crystal structure (space group P3̅m1). Similar peak of lower
intensity is also visible in 1000 cycle sample (Figure 22). Therefore, it can be suggested
that Ce2O3 phase is also present in high cycle film, but their volume fraction is small. A
small amorphous peak at CeO2 (311) position was also observed in the 50 cycle sample
XRD spectrum (Figure22).
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Figure 22: Broader view of XRD spectrum of CeOx films between 2theta 43-53°.
The transaction from Ce2O3 to CeO2 in 50 cycle sample to 200-1000 cycle samples
is due to the stress in the films. It is known that Ce2O3 phase is unstable due to the stress
in the material. Therefore, Ce2O3 convert into CeO2 phase which is more stable to achieve
the minimum energy state/equilibrium state. Thus, it can be suggested that 2-3 nm thin

48

films have higher residual stress than 7-33 nm thick films. Calculated residual strain in
films are 1.23% (200 cycle), 0.91% (500 cycle) and 0.74% (1000 cycle). Therefore, as the
film thickness increases residual strain decreases due to the presence of equilibrium
phase (CeO2).

Figure 23: Deconvoluted and fitted XPS spectrum of Ce (3d) taken from different
thickness CeOx films (a) 50 cycles, (b) 200 cycles, (c) 500 cycles and (d) 1000 cycles.
In order to further understand the growth mechanism and effect of no of growth
cycles on oxidation state of ALD CeOx films, XPS studies were performed. Deconvoluted
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XPS Ce (3d) spectrum of 50, 200, 500 and 1000 cycle deposited CeOx films are shown
in figure 23. Peaks in the Ce (3d) spectrum can be distinguished according to their
oxidation states. Peaks v’’’, v’’, v, u’’’, u’’ and u belongs to Ce4+ and peaks v0, v’, u0 and
u’ belongs to Ce3+ [80]. For quantitative analysis of oxidation state of Ce ions in different
films, various peaks present in the XPS spectrum which appear due to the 3d5/2 and 3d3/2
spin-orbital splitting were peaks fitted with Gaussian distribution. The ratio of the total area
under the fitted peak of Ce3+ to the total area of all peaks (Ce3+ and Ce4+) gives the
concentration of Ce3+ in films (equation 21, where Ai is the integrated area of peak i). The
relative concentration of Ce3+ and Ce4+ ions on the surface of CeOx films are presented
in table 3.
[𝐶𝑒 3+ ] =

𝐴𝑣0 +𝐴𝑣′ +𝐴𝑢0 +𝐴𝑢′
𝐴𝑣0 +𝐴𝑣′ +𝐴𝑢0 +𝐴𝑢′ +𝐴𝑣′′′ +𝐴𝑣′′ +𝐴𝑣 +𝐴𝑢′′′ +𝐴𝑢′′ +𝐴𝑢

Table 3: Summary of the surface oxidation state of Ce (3d) from XPS.
Sample

%Ce3+

% Ce4+

50 cycle

50

50

200 cycle

27

73

500 cycle

25

75

1000 cycle

23

77

50

(21)

Figure 24: Deconvoluted and fitted XPS spectrum of O (1s) and Si (2p) taken from
different thickness CeOx films (a) 50 cycles, (b) 200 cycles, (c) 500 cycles and (d) 1000
cycles. XPS spectrum of Si (2p) is shown in inset of O (1s) spectrum.
XPS analysis shows that highest concentration (50%) of surface Ce3+ ions is
present in 2 nm CeOx film. Surface Ce3+ ion concentration drops sharply from 50% to
27% for 7 nm CeOx film and remains in the range of 23-27% range for high cycle samples
(17 and 33 nm thickness samples). This change in surface Ce 3+ concentration is also
visible in XPS spectrum. Peak at 916 eV in the Ce (3d) XPS spectrum corresponds to
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Ce3+.Thus, any change in the intensity relative to other peaks provides qualitative
information of different oxidation state. The intensity of the peak at 916 eV is significantly
lower for 50 cycle CeOx film compared to the rest of the high cycle CeOx films. To maintain
the charge balance, substitution of one Ce4+ ion from cerium oxide lattice by Ce3+ creates
two oxygen vacancies in the lattice. Therefore, it can be stated that 2 nm thick CeO x films
have 50% oxygen lattice vacancies because x-ray photoelectrons emit only from 4-5 nm
depth of the samples. Since the thickness of the sample is only 2 nm, XPS can provide
the exact chemical composition in the present case. This was verified by collecting the Si
(2p) spectrum presented in figure 24.
Peaks of SiO2 and Si (2p) are present only in 50 cycle sample because of its 2 nm
thickness. No peaks of Si (2p) and SiO2 were observed in 200, 500 and 1000 cycle
samples because the thickness of films is higher than the depth of photoelectron
emission. Furthermore, very high intensity –OH peak is observed in deconvoluted O (1s)
spectrum of 50 cycle sample. Whereas, the intensity of –OH peak is relatively similar for
200, 500 and 1000 cycle samples (Figure 24). Higher intensity of O-Ce3+ peak in O (1s)
spectrum collected from 50 cycle sample is higher than O-Ce4+ peak. Contrary to this, OCe4+ peak is more intense than O-Ce3+ peak in case of 200, 500 and 1000 cycle samples
(Figure 24). This further support our claim of ~50% oxygen vacancies in 2 nm thick CeO x
films. This finding is in good agreement with the calculated surface Ce 3+ concentration.
The presence of –OH, O-Ce3+ and O-Ce4+ peaks also provide valuable insight of
CeOx film formation and its transaction from Ce3+ rich surface to Ce4+ rich surface. During
the ALD process, Ce precursor reacts with the hydroxyl groups present on the substrate,
liberating i-propylcyclopentadienyl molecule. The reaction is self‐limiting as the Ce
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precursor does not react with adsorbed Ce species. Unreacted precursor and liberated ipropylcyclopentadienyl removed from the reactor by a carrier gas (N2). In the next step,
H2O reacts with i-propylcyclopentadienyl groups on deposited Ce atoms forming both CeO-Ce bridges and new hydroxyl groups which prepare the surface for the next layer
deposition. Thus, both Ce-O-Ce and -Ce-OH form on the surface. In typical CeO2
synthesis process, first cerium hydroxide (Ce(OH)3) form, which further oxidizes and
converts into CeO2. The presence of strong –OH peak in O (1s) XPS spectrum indicates
that in the ALD CeOx deposition, Ce(iPrCp)3 precursor reacts with H2O and form Ce(OH)3
which further convert into Ce2O3 and CeO2 with increasing ALD cycles. Also, amorphous
to crystalline transformation occur as indicated by XRD analysis. Therefore, presence of
minor crystalline Ce2O3 and amorphous peak in XRD of 50 cycle sample appears to be
in amorphous to crystalline transition. Minor impurities in films have been detected from
FTIR (Figure 25). RBS experiment in ongoing to measure the exact composition of films.
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Figure 25: FTIR spectra of CeOx deposited for different ALD cycles.
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Figure 26: Thickness dependent catalase mimetic activity of ALD CeOx films.
Bio-catalytic properties of ALD grown CeOx films have been evaluated in the form
of catalase mimetic activity. It is evident from figure 26 that 1000 cycle sample has highest
catalase mimetic activity and it decreases with reduced number of deposition cycles. In
other words, catalase mimetic activity of CeOx films decreases with increasing surface
Ce3+ concentration. 1000 cycle sample has only 23% surface Ce 3+ concentration,
whereas 50 cycle sample has 50% Ce3+ at the film surface. It is reported in the literature
that bio-catalytic properties of CNPs prepared by different methods is Ce 3+/Ce4+
dependent [3]. Higher Ce3+/Ce4+ CNPs have SOD mimetic and OH* scavenging activity.
Lower Ce3+/Ce4+ CNPs have catalase (H2O2) mimetic and NO* scavenging activity. Our
catalase results seem to be in good correlation with the previous reports. Additionally,
catalase results exhibit the mimicking of catalytic behavior of CNPs in ALD CeOx sample
prepared by ALD at 275 C.
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ALD-prepared CeOx electrodes were characterized in presence of H2O2. The
relevance of this interaction comes from the prevalence of H2O2 as a product of free
radicals in the body which accumulate in instances of pathology (i.e. concentration
correlates

with

progression

of

disease

states

such

as

cancers,

diabetes,

neurodegenerative diseases). Cyclic voltammetry (CV) was performed to characterize the
electrochemical behavior of ALD CeOx in presence of H2O2. Voltammetry was performed
at 50 mV/s and in the range of (-0.3) to (0.7) V. This range was specifically chosen to
prevent signals from hydrolysis (oxidation at ~ -0.32 V and reduction at ~0.8 V).
Measurements show (Figure 27) an increase in reduction current at -0.3 V in presence of
H2O2 and a positive correlation between concentration and current. This observation is
supported by other findings in related works [96, 97] and represents the reduction of
peroxy groups at the surface of CeOx. To be certain that the observed peak is
characteristic of H2O2 reduction at surface sites and not from elaborate surface reactions
or Galvanic responses: CV was performed at varying scan rates. The trend in current
increase with increasing scan rate suggests that the response is diffusion limited (Figure
28). Inputting these values in the Randles-Sevcik equation confirms this behavior.
However, absence of an obvious corresponding oxidation peak suggest that this reaction
is irreversible. This determination is reasonable given the radical nature of the H 2O2
analyte (i.e. relatively low stability, high reactivity). In order to use ALD CeOx electrodes
as biosensors, the described electrochemical reaction must produce a consistent signal
response in presence of specific concentrations of analyte. However, CV is not
appropriate for these analyses. Therefore, chronoamperometry (CA) was utilized at (-0.3)
V, per the observed electrochemical response in CV.
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Figure 27: Cyclic voltammograms response of 200 cycles deposited ALD CeOx
electrode in 10 mM PBS electrolyte at 50 mV/sec scan rate with varying [H2O2].
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Figure 28: Cyclic voltammograms response of 200 cycles deposited ALD CeOx
electrode in [10 mM PBS and 100 μM H2O2] with varying scan rate.
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Chronoamperometry (CA) was performed by applying a constant potential and
spiking the test solution with known concentrations of H2O2 under N2 gas purging to mix
the test solution. Current response was immediate (time of response ~8 s; time from
addition of analyte to equilibration of current signal baseline), following addition of analyte.
Additionally, current response was reliable (mean response for 10nM: 0.420 μA, SD:
0.0464 μA) (Figure 29). Addition of different concentrations of H2O2 shows increasing
current with increasing analyte concentration. The sensitivity of this measurement was
determined to be 9.04 A*L/g*cm2*s based on current response. Further, the limit of
quantitation (LOQ) was determined to be ~1 pM using CA. This value was determined
using the conventional description,
LOQ = (Root Mean Square of Blank current) + 10 σRMS, Blank

(22)

Figure 29: Chronoamperometric response of 200 cycle deposited ALD CeOx electrode
towards H2O2 in 10 mM PBS electrolyte.
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This value is highly significant, as disease states can be detected at very early
stages as well as in small/dilute samples of bio-fluid. This sensor is several orders of
magnitude below that of the reviewed sensors: both enzymatic and inorganic-based
sensors (Chapter 4, table 4). Ceria has been showingn elsewhere to be highly specific
towards reactive oxygen species [63, 64, 98, 99]. In recent study, we have shown that
none of glucose, nitrite, nor uric acid interfering species elicit current signals from the
ceria sensor [97]. These results speak to the high degree of selectivity posed by the
sensor. Use of an inorganic oxide thin film, CeOx, as the detection element of the sensor
allows for a highly robust device/detection. Ceria is largely insensitive to heating and will
not lose activity as enzymes do when exposed to varied conditions.
3.4 Conclusions
Cerium oxide thin films were successfully deposited on Si (100) substrates using
Ce(iPrCp)3 and H2O as a precursor for different ALD cycles. Linear relation relationship
between thickness and deposition cycles indicate the self-limit character of ALD process.
The calculated growth rate was 0.33 Å/cycle. XRD results indicate that Ce 2O3 phase
nucleate initially which convert into CeO2 phase with time due to high temperature in the
reactor chamber. Therefore, only CeO2 phase was present in higher thickness coatings.
XPS analysis of Ce (3d) shows the increase of surface Ce4+ ion as the thickness increase.
The relative ratio of the deconvoluted peak of oxygen corresponding to Ce3+ and Ce4+
ions from XPS O (1s) spectrum support the change in Ce 3+ to Ce4+ ratio with increasing
thickness. Excellent catalase mimetic activity was measured for lower Ce 3+/Ce4+ CeOx
films exhibiting the mimicking of nanoparticle behavior in CeO x films as a function of its
thickness. Limit of quantitation (LOQ) was determined to be 1 pM for H2O2 analyte from
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chronoamperometry using CeOx. Therefore, ALD CeOx films have the potential to be
utilized as a coating on implants to mitigate inflammation.
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CHAPTER FOUR: MOLYBDENUM DISULFIDE BASED
ELECTROCHEMICAL SENSORS
The work presented in this chapter has been published before in

2D Materials, 2017.
Reproduced by permission of The Institute of Physics.

4.1 Introduction
Antioxidants are essential to the human body for keeping the concentrations of
pro-oxidants under control. Pro-oxidants are generated in the human body as a byproduct of various biochemical reactions essential to metabolism. The pharmaceutical
industry has long shown an interest in the effects of light exposure and storage conditions
on the state of pharmaceuticals. Of particular interest is the evolution and measurement
of free radicals. Free radicals, specifically reactive oxygen species (ROS) and nitrogen
species, possess strong electron affinity and therefore have a tendency to gain electrons
from neighboring molecules/cell membrane to achieve stable electron configurations.
This process continues until interrupted by antioxidants which donate/take electrons to
neutralize radicals. However, an unbalance between the production of pro-oxidants and
antioxidants in cells could lead to the accumulation of ROS like superoxide (𝑂2− ),
hydrogen peroxide (H2O2) and nitric oxide (NO*) species. resulting in significant cellular
damage. Alzheimer's disease, cancer, aging, fibrosis, inflammation, and multiple
sclerosis are a few conditions related to oxidative stresses generated by free radicals [98,
100, 101]. However, cells also produce pro-oxidant molecules which protect against
bacterial infection. Myeloperoxidase (MPO) is released by neutrophils during oxidative
burst and can also produce oxidative stress. When MPO combines with H 2O2 and a
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chlorine ion (Cl-), it generates hypochlorous acid (HOCl) in the cells. HOCl is a short-lived
and powerful diffusible oxidant, strong oxidizer and could react with O 2- to produce
hydroxyl radicals (OH*). Therefore, in physiological condition, HOCl has a major role as a
potent microbicidal agent in the immune defense. However, during the oxidative burst,
HOCl not only attacks cell components, it also generates extremely reactive radicals.
Therefore, monitoring of the production of free radicals at the cellular level is very
important for diagnostic purposes.
Over the past years, several methods such as use of fluorescence probes [8-10],
colorimetric assays [11, 12], electrochemical methods [13-17], spectrometry [19], and cell
imaging coupled with Raman spectroscopy [20], have been developed to detect free
radicals. Detection limit, time and cost are vital factors in today’s scenario of affordable
health care, pharmaceuticals and drug delivery application. Almost all methods
mentioned above are time consuming, costly and their detection limits are well above the
cellular-level of free radical species generation except via electrochemical methods.
Electrochemical methods seem viable because of their low-cost set-up and fast response
time [26, 102]. However, most of the current commercially used electrochemical sensors
are enzyme based. For example, glucose and hydrogen peroxide sensors utilize glucose
oxidase and horseradish peroxidase, respectively. These enzymes are costly and
temperature- and pH- sensitive; thus, their activity and consistency varies significantly
with geographical locations. Furthermore, the shelf life of these sensors is limited due to
their strict temperature requirements. To overcome these shortcomings, several inorganic
materials have been used to develop sensors for free radical detection such as cerium
oxide nanoparticles (CNPs) [32], precious metal (gold and platinum) nanoparticles [13,
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24, 25], and molybdenum disulfide (MoS2) nanosheets and nanoparticles [26]. However,
detection of free radicals at the cellular level is still challenging. Over the past years, some
inorganic materials have been demonstrated to possess enzyme-mimetic behavior, such
as CNPs [59, 98], V2O5 [36] etc. This enzyme-mimetic behavior has made them attractive
choices because of their temperature-independent function which exists over a large
range of temperature, a wider operating pH range, and longer shelf life.
Discovery of single layer graphite called graphene has opened up new possibilities
for materials scientists in the fields of electronics, sensing, corrosion protection etc.; and
have led to the rise of a new class of “two-dimensional (2D) materials”. MoS2 is one of
the more promising materials in this class. It has unique electronic, optical and chemical
properties similar to graphene. However, modulation in the band gap of MoS2 from
metallic to semiconductor compared to graphene (no band gap) and 2D oxides (large
band gap), offers sensitivity and selectivity for a wide range of devices/biomolecules in
biosensing performance [103, 104]. MoS2 has been functionalized with thiols, silanes,
and amides resulting in the creation of surface dipoles and charge displacement.
Additionally, two thiol groups can couple and form RSSC bonds which can be used to
immobilize a wide variety of proteins [104]. These proteins further interact with –SOH
group containing compounds which are used for biocatalysis and biosensing [104]. For
bio-analyte detection, various types of field effect biosensor configurations without a
reference electrode (nonspecific binding [105] and lock-and-key concept [106]); and with
a reference electrode (introduce electrical double layer and intercalation) have been
studied using 2D MoS2 acting as a transducing layer between drain and source. 2D
MoS2-based field-effect biosensors have been employed along with/out microfluidic
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channels to sense antigens (picomolar detection) [106] , proteins (femtomolar detection)
[107], single strands of DNA (10 fmol detection limit) [108], DNA mutations (Alzheimer's
disease; nanomolar level detection) [109], glucose [26] and dopamine [102]. Recently,
MoS2/Au microcubes have been prepared from hydrothermal method and utilized for
ultra-low detection of microRNA-21 (detection limit 0.086fmol) [110]. This electrochemical
biosensor has showed high selectivity towards microRNA-21. Wang et al. [26] have
shown the effectiveness of MoS2 particles in the nanomolar level detection of H2O2 via
the electrochemical method. To the best of our knowledge, no study has been performed
on other free radicals such as NO* detection using MoS2. Several composite materials
based on 2D MoS2 and MoSe2 such as MMNT/MoS2 [111] and Ni foam-MoSe2/acetylene
black [112] have been studied for hydrogen evolution and supercapacitor applications. Ni
foam-MoSe2/acetylene black composite has demonstrated fast charging and slow
discharging behavior in comparison to Ni foam-MoSe2 tested over 1000 cycles. Specific
capacitance, Tafel slope and overpotential of 2020 F g−1 at 1 A g−1, 55 mV dec-1 and 80
mV have been reported [112]. In case of MWNT/MoS2 composite, specific capacitance of
452.7 F g−1 at 1 Ag−1 have been achieved and small reduction of 4.2% after 1000 cycles
[111]. The reported specific capacitance is higher than MWNT (69.2 F g −1) and MoS2
(149.6 F g−1). These studies exhibit the wide range of applications of MoS2 in biosensing
and energy storage field.
The present study focuses on understanding/unfolding the size dependency of
MoS2 for free radical detection by electrochemical methods and theoretical modeling by
means of density functional theory (DFT). This study also shows the development of a
multi-role electrochemical sensor demonstrating ultra-low detection of free radicals;
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namely, H2O2, HOCl and NO*. We have successfully measured H2O2 and HOCl in picomolar concentrations and NO* at nano-molar concentration. To gain fundamental insights
into the catalytic activity of MoS2 nanosheets, we have applied DFT to understand the
subtleties of the system electronic structure and to calculate the adsorption energy of
H2O2 at the edges of stoichiometric and sulfur-deficient MoS2 particles.
4.2 Materials and method
4.2.1 Thin glassy carbon preparation
Thin glassy carbon electrodes were prepared from 8 wt.% polyacrylonitrile (PAN,
Mw 150,000) polymer solution as per earlier reports [113, 114]. PAN polymer powder was
dissolved in dimethylformamide (DMF) at 40C and kept at this temperature for 30 min.
One-side polished silicon wafer was cut into small pieces and cleaned via ultrasonication
in acetone, followed by ethanol and water. Cleaned Si wafers were dried under inert
atmosphere (N2 gas). PAN solution was spin-coated on cleaned Si wafers at 3000 rpm
for 30 sec to evenly coat PAN and achieve a uniform thickness. These PAN-coated Si
wafers were later heat-treated at 250⁰C for 1 hr to stabilize followed by carbonization at
900 ⁰C for 1 hr under inert atmosphere (Ar, flow rate 150 mL/min). Heating and cooling
rate were maintained at 5 C⁰/min. A schematic representation of preparation method is
shown in figure 30.
4.2.2 MoS2 preparation and their size sorting
Commercially available MoS2 powder (99.00% pure, size ~2μm) was purchased
from Sigma-Aldrich, USA and used without further purification. DMF was used as a
solvent to exfoliate MoS2 because its surface tension is similar to the surface energy of
MoS2 which makes exfoliation of MoS2 easy and effective [26, 103, 115]. 1 mg/mL MoS2
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was dispersed in DMF and sonicated using horn sonicator for 4 hrs (see Figure 31). This
process was carried out in an ice bath to avoid agglomeration of MoS2 due to heat and
evaporation of DMF to maintain uniform concentration. Exfoliated MoS 2 sheets and
particles were sorted using differential centrifugation at 1000, 3000, 6000 and 12000 rpm.
After each centrifugation step, the precipitate was collected and resuspended in DMF and
supernatant was used for next centrifugation process.

Figure 30: Schematic of synthesis procedure adapted for the preparation of thin glassy
carbon. The process includes three steps i.e. (i) dissolving PAN in DMF, (ii) spin coating
of PAN solution and (iii) carbonization of spin coated substrates in inert atmosphere.
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Figure 31: Schematic of exfoliation process and size sorting of MoS2 nanoparticles and
nanosheets. Liquid exfoliation has been carried out in DMF using horn sonicator.
Differential centrifugation has been applied to collect MoS2 nanoparticles and
nanosheets of different size.
4.2.3 Biosensor fabrication and modification
To fabricate biosensors, 25 μL of MoS2 in DMF solution were drop-cast on thin
glassy carbon and kept under vacuum for drying. A Nafion® film was used to prevent the
detachment of MoS2 from thin glassy carbon/Si substrate. Electrical connection between
glassy carbon and copper wire was made by applying silver paste at the corner. This
biosensor was rinsed in deionized water and dried at room temperature under ambient
conditions. Biosensors were stored in vacuum desiccator when not in use.
4.2.4 Characterization of size sorted MoS2 and thin glassy carbon
All size-sorted MoS2 were characterized by X-ray photoelectron spectroscopy
[XPS, Physical Electronics (PHI5400 ESCA)] with a monochromatic Al Kα X-ray source
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at 300 W with a base pressure of 5x10-8 Torr to determine the S to Mo ratio. UV-Vis
spectroscopy was conducted at 1 mM concentrations using Perkin-Elmer Lambda 750S
spectrometer. A FEI Tecnai F30 high-resolution transmission electron microscope
(HRTEM) operating at 300 keV was utilized to confirm the crystalline nature and to
determine particle size and morphology of different MoS 2. Zeiss Ultra 55 scanning
electron microscopy was used to obtain morphology of drop-cast MoS2 on thin glassy
carbon. Renishaw RM 1000B micro-Raman spectrometer was used to confirm the
structure. XPS, Raman spectroscopy and cyclic voltammetry (CV) were also conducted
on thin glassy carbon to confirm and compare its physical and chemical properties with
commercial glassy carbon.
4.2.5 Electrochemical measurement
Three electrode system was used for electrochemical measurements. A schematic
diagram of experimental set-up has been presented in figure 32. Ag/AgCl electrode and
Pt mesh were used as a reference electrode and the counter electrode, respectively.
MoS2/thin glassy carbon acted as the working electrode for detection. All potentials are
referred against Ag/AgCl electrode. All electrochemical measurements were carried out
on Bio-Logic SA VSP (Princeton Applied Research) at room temperature. Prior to any
experimental measures, the Pt mesh electrodes were electrochemically cleaned by cyclic
voltammetry in 0.5M H2SO4 and the potential range was swept between 1.6 and -0.5V vs.
the reference for 50 cycles at 1000mV/s. Electrochemical measurements were performed
in N2 saturated 10mM phosphate buffer saline (PBS) solution unless otherwise
mentioned. H2O2 and NaOCl solutions were procured from Sigma-Aldrich, USA and
diluted with 10mM PBS solution to obtain the desired concentration. Experimental cyclic
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voltammetry was performed at different potential range vs. reference for each different
free radical solution at a constant sweep rate of 25mV/s. The sensitivity of the biosensor
was evaluated using chronoamperometry and free radical solutions were added in 100μL
increments every 30-60 seconds.

Figure 32: The experimental set for electrochemical detection of free radicals. MoS 2
drop-cast thin glassy electrode as working electrode and Pt mesh as counter electrode
were used during experiment. External potential was applied using potentiostat
connected to the computer for data processing.
4.2.6 Computational methods
Density functional theory (DFT) calculations were performed using the Vienna abinitio Simulation Package (VASP) [116, 117]. Projected-augmented wave [118, 119]
technique, and generalized-gradient approximation (GGA) in the form of Perdew-BurkeErnzerhof (PBE) [120] functional were employed to describe ion-electron interaction, and
exchange–correlation interaction between electrons, respectively. In our calculations, van
der Waals interactions were also taken into account using DFT-D3 approximation [121].
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To avoid the spurious electrostatic interaction between nanoparticles (NPs), we placed
NPs in the center of the large supercell to ensure the sufficient separation (20 Å) between
periodic images along all three (x, y, z) directions. Nanoparticles of several sizes (Mo xSy,
where x=12, y=24; x=27, y=48 or 54; x=48, y=96; and x=75, y=150 represent the number
of respective atoms in the NP) were constructed from the calculated bulk MoS 2 structure
(of which lattice parameter (a=3.16 Å) agrees with the experiment [122]). For the
calculations of the total energy of all considered systems the Γ point was used to sample
the Brillouin zone. The kinetic energy cutoff for the plane-waves expansion was chosen
to be 500 eV. All atom positions were fully relaxed using the conjugate-gradient algorithm
[123, 124] until the total energy converged to 10-5 eV and the forces acting on each atom
reduced to less than 0.01 eV/Å.
4.3 Results and discussions
4.3.1 Experimental results
4.3.1.1 Characterization of glassy carbon electrode
The pyrolyzed thin films obtained from PAN are amorphous in nature as confirmed
by XRD spectrum [Figure 33(a)]. A large, wide peak provided clear evidence of shortrange ordering in the pyrolyzed PAN films. The raw Raman spectrum shows two peaks
appearing belong to D and G bands of carbon, however the asymmetric nature and broad
peaks suggested the presence of other peaks. De-convoluted Raman spectrum of
amorphous film shows four distinct peaks centered at 1223, 1378, 1480 and 1586 cm -1
[Figure 33(b)]. The peak at 1223 cm-1 corresponds to nanocrystalline diamond formed
during carbonization treatment [125] as discrete nanopockets of crystalline diamonds.
Another peak at 1480 cm-1 belongs to the disordered sp3 carbon. Peaks at 1378 and 1586
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cm-1 correspond to disorder induced peak of graphite lattice vibration mode with A 1g
symmetry, and the graphite lattice vibration mode with E 2g symmetry, respectively [113,
125-127]. The background corrected intensity ratio of ID to IG for amorphous carbon
electrode is 0.92. These peaks are in good agreement with the conventional glassy
carbon pyrolyzed at identical temperature [113, 125, 128]. Thus, these amorphous films
will be termed glassy carbon film in the present article afterward. XPS survey taken from
the film have shown the presence of C, O and N, the main chemical elements present in
the PAN [Figure 33(c)]. The amount of N is very similar (6.58 at.%) in our glassy carbon
film as compared to the other reported values (6.28 at.%) for PAN derived carbon film at
900C [129]. The deconvoluted 1s carbon peak is also presented in figure 33(d). Peaks
at 284.4 eV, 285.3 eV, 286.1 eV, 287.1 eV, 288.1 eV, 288.7 eV and 289.9 eV belong to
C-C (sp2), C-C (sp3), C-O, C-N, C=O, CN, and -C(O)-OH, respectively [130-132]. C-N
and CN peaks are observed due to the presence of residual N. The SEM micrograph in
figure 33(e) shows the porous nature of glassy carbon film. These pores are formed due
to the evolution of gases during heating. ImageJ software analysis of pore size analysis
on SEM micrographs has been summarized in figure 33(f) exhibiting wide range of pore
size distribution from 10’s of nm to a few μm. However, the majority of pores size is less
than 100 nm. The pore size and quantity can be controlled by controlling the heating rate.
Slow heating rate of 1/min result in relatively pore free structure [125].
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Figure 33: Characterization of in-lab synthesized thin glassy carbon. (a) XRD, (b)
deconvoluted Raman, (c) XPS survey, (d) deconvoluted and peak-fitted XPS spectrum
of C (1s) peak of synthesized glassy carbon. (e) SEM micrograph and (f) pore size
distribution of glassy carbon.
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4.3.1.2 Analysis of different size sorted MoS2
The MoS2 particles and sheets were prepared in DMF by liquid exfoliation and
separated by differential centrifugation. Representative TEM micrographs of MoS 2
collected at different centrifugation speed are presented in figure 34. Typical particle sizes
collected at 1000, 3000, 6000 and 12000 rpm centrifugation speeds are 2000±1000 nm,
1000±200 nm, 500±100 nm and 5-7 nm, respectively. Evidence of liquid exfoliation have
been found at particles/sheets collected at 3000 and 6000 rpm. Multilayered MoS 2, and
small-size nanosheets and nanoparticles are loosely adhered on large sheets [Figure
34(b, c)]. This indicates the intercalation of MoS2 sheets during liquid exfoliation process
by organic solvent (DMF). A high resolution transmission electron micrograph (HRTEM)
of sheets at 6000 rpm is shown in figure 35(b). The image shows the crystalline nature of
sheets which has been further confirmed by inverse fast Fourier transformation (IFFT)
[Figure 35(c)]. Line analysis of lattice spacing from IFFT image [Figure 6(d)] indicates the
lattice spacing to be 2.79 nm which corresponds to < 101̅0 >. The selected area
diffraction pattern (SAED) [Figure 35(e)] taken from figure 35(a) further confirms the
crystalline nature of sheets/particles; with no lattice structural change in MoS 2 during
liquid exfoliation.
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Figure 34: Bright field TEM micrographs of MoS2 particles collected at (a) 1000 rpm, (b)
3000 pm, (c) 6000 rpm and (d) 12000 rpm centrifugation speed showing nanosheets
and nanoparticles of different size.
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Figure 35: Structure analysis of exfoliated MoS2. (a) Bright field TEM micrograph of
MoS2 particles collected at 6000 rpm centrifugation speed, (b) magnified view of (a), (c)
inverse fast fourier transformation (FFT) obtained from (b), (d) d-spacing analysis. (e)
Selected area diffraction pattern (SAED) taken from (a).
MoS2 particles and sheets were studied by Raman spectroscopy. Raman
spectrum of different size-sorted MoS2 captured using Ar-514nm excitation laser are
1
shown in figure 36(a). Both, 𝐸2𝑔
and 𝐴1𝑔 Raman modes were observed for 2μm-500nm
1
MoS2 particles. The 𝐸2𝑔
peak is at 383cm-1 for 2±1 μm MoS2, 383 cm-1 for 1±0.2 μm MoS2,
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and 3843 cm-1 for 500±100nm MoS2. The 𝐴1𝑔 peak is at 408 cm-1 for 2±1 μm MoS2, 408
cm-1 for 1±0.2 μm MoS2, and 409 cm-1 for 500±100 nm MoS2. Therefore, the peak
separation is 25, 25 and 24 cm-1 for 2±1 μm MoS2, 1±0.2 μm MoS2 and 500±100 nm
MoS2, respectively. A blue shift has been observed in UV-Vis spectroscopy for different
size particles/nanosheets [Figure 36(b)]. These peak positions and their separations are
in good agreement with literature [133, 134] and indicate the gradual decrease in number
of MoS2 layers present in particles and sheets with decreasing size of MoS2 exfoliated by
the liquid exfoliation method. SEM micrographs of different sizes drop-cast MoS2 on thin
glassy carbon are presented in figure 37. It is clearly evident that roughness of drop-cast
electrode decreases with reducing particle size. MoS2 particles collected at 1000 rpm,
3000 rpm and 12000 rpm are 1-2 μm, 0.5-1 μm and 600-400 nm in size. Similar particle
sizes have been observed from TEM (Figure 34). Platelet type morphology has been
observed from SEM micrographs for particles collected at 1000 rpm and 3000 rpm. 5-7
nm Size MoS2 particles collected at 12000 rpm are much smaller in size. However, these
nano size particles form dense adherent layer with thin glassy carbon upon drying
resulting in relatively smooth film.
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Figure 36: (a) UV-Vis and (b) Raman spectrum of different size MoS 2 particles collected
at different centrifugation speed.
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Figure 37: SEM micrographs of drop-cast MoS2 on thin glassy carbon centrifuged at
different speed (a) 1000 rpm, (b) 3000 rpm, (c) 6000 rpm and (d) 12000 rpm.
4.3.1.3 Electrochemical detection of free radicals
Electrocatalytic activity of glassy carbon and MoS2 modified glassy carbon
electrodes were assessed in N2 saturated 10 mM PBS solution (pH ~7.4; similar to the
human body). Cyclic voltammetry response of glassy carbon and MoS 2 modified glassy
carbon electrodes are presented in figure 38A. Cyclic voltammetry measurements for
H2O2 were conducted in the potential range between -0.2 to -0.8 V. It is clearly visible that
reduction current increased in the case of MoS2-modified electrode. The negligible
reduction current response of glassy carbon (without MoS2) in the presence of 5 mM H2O2
is attributed to the highly inert nature of glassy carbon toward H2O2. Porous glassy carbon
was used to capture small variations in reduction current due to its low internal resistance
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as compared to gold electrodes [135]. On the other hand, MoS2 reacts with H2O2, and
generates ~9 times more current than unmodified glassy carbon. The systematic increase
in the reduction current during cyclic voltammetry suggests that the effective surface area
and active edge sites play a crucial role in the electrocatalytic activity of H 2O2 reduction
similar to the hydrogen evolution reaction [136, 137]. Based on the cyclic voltammetry,
only 5-7 nm size MoS2 nanoparticles were selected for chronoamperometry study.

Figure 38: Electrochemical performance evaluation of MoS2 modified electrode. (A)
Cyclic voltammograms for bare glassy carbon and different size sorted MoS 2 modified
electrode in 5mM H2O2 in 10 mM PBS electrolyte at 25mV/sec scan rate. (B)
Chronoamperometric response of 5-7 nm size MoS2 modified electrode towards H2O2 in
10 mM PBS electrolyte.
The chronoamperometry experiment was conducted at -0.25 V to evaluate the
detection limit of the constructed biosensor. Our results show that water does not
dissociate at potential >-0.3V; therefore the measured reduction current is only from the
dissociation of H2O2 (O2 redox produces minimal response due to N2 purging treatment).
Current (i) vs time (t) graph of nanoparticle-modified glassy carbon electrode is shown in
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figure 38B. Different concentrations of H2O2 were added in the N2 saturated 10 mM PBS
solution at an interval of 30 sec or after current saturation. A reduction in current change
at -0.25 V was observed when 10 pM H2O2 was added in the 10 mM PBS electrolyte. A
similar amount of reduction current increase is also visible from figure 38B for the further
addition of 10 pM H2O2. The amount of current increase is constant with H2O2 addition up
to micro-molar concentration. However, we observe significant enhancement of current
when H2O2 concentration increases to milli-molar. Comparison of current work with the
literature (Table 4) demonstrates that the biosensor, which is fabricated with MoS2
nanoparticles, is extremely sensitive towards H2O2 and therefore can detect H2O2 of 2
order lower concentration when compared to existing literature (Table 4). Wang et al. [26]
have analyzed the effect of interfering species (ascorbic acid and uric acid) on H2O2
detection in PBS electrolyte during chronoamperometry experiment using MoS 2 as
working electrode. The chronoamperometry test did not show any change in the reduction
current with 500 μM uric acid and 100 μM ascorbic acid addition which indicate excellent
selectivity of MoS2 sensor. The response time of MoS2 sensor for H2O2 detection is 2-3
seconds.
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Table 4: Summary of performance of H2O2 sensors/assays.
Detection Element;

Detection

electrode

Type

MoS2 nanoparticles on

Sensor

Sensitivity

LOD

Ref.

NR

1 pM

This

porous glassy carbon
Ag NPs decorated carbon

work
Sensor

NR

1.6 μM

[24]

Assay

NR

20 nM

[8]

Sensor

241.1 A.mM-1.cm-2

0.1 μM

[13]

Sensor

0.6 A.M-1.cm-2

80 nM

[138]

Sensor

2.8 A.M-1.cm-2

4.5 μM

[139]

nanotubes
CoFe2O4 magnetic NPs in βcyclodextrin
Carbon-coated
SnO2 supported Pt NPs
Prussian blue deposited on
glassy carbon
Mesoporous Pt
microelectrode from liquid
crystals
78.9 ± 2.9 nA. mmol-1 NR

Mg-modified silicon nanowire Sensor

[140]

thin film
NR: Not reported
Similarly, the prospect of HOCl detection using MoS2-modified electrode was also
investigated via electrochemical methods. The potential range of -0.2 to 1.0 V was
selected for cyclic voltammetry experiments. As a surrogate for HOCl, NaOCl was utilized
for experiments; which is permissible since measurements were performed in a neutral pH
81

PBS buffer. PBS buffer solution contains sodium phosphate, potassium chloride and
sodium chloride, NaOCl can be used as a substitute of HOCl. Figure 39A shows the cyclic
voltammetry response in 10mM PBS solution while 5mM NaOCl was added in the PBS
electrolyte. It is important to note that the current response of glassy carbon is similar to
bulk MoS2. However, current response increases with decrease in MoS2 particle size from
bulk to nanoparticles, evidently signifying the importance of MoS2 edge to volume ratio.
Chronoamperometry experiment was conducted at 1.1 V to avoid interference from water
reaction with MoS2. Therefore, current increase will be purely due to the dissociation of
NaOCl only.

Figure 39: Electrochemical performance evaluation of MoS2 modified electrode. (A)
Cyclic voltammograms for bare glassy carbon and different size sorted MoS 2 modified
electrode in 5mM NaOCl in 10mM PBS electrolyte at 25mV/sec scan rate. (B)
Chronoamperometric response of 5-7 nm size MoS2 modified electrode towards NaOCl.
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Different concentrations of NaOCl were added in the solution at an interval of 4045 sec. Current increase was clearly evident from figure 39B when 1 nM NaOCl was added
in the 10 mM PBS electrolyte. A sudden increase in current, observed at the addition of 1
mM NaOCl, is attributed to the higher catalytic reactivity at MoS2 edges because of the
moderate bonding energy of ligands on edge sites (discussed in section 4.3.2.2).
Chronoamperometry response also indicates two different linear detection ranges from 1
nM to 1 μM, and from 10 μM to 3mM as reported in table 5. The lower detection limit of
this work is three orders lower than the published literature (Table 5); demonstrating the
ultra-low concentration detection ability of MoS2 nanoparticle-modified electrode. This
electrochemistry based sensor also exhibited a fast response time of 2-3 seconds which
is significantly faster in comparison to the organic molecule based fluorescence assays
commonly used to detect HOCl [9, 10].
Another important radical of interest to the biomedical research community is the
nitric oxide radical (NO*). The NO* acts as a neurotransmitter and regulates
cardiovascular physiology indicating the bright side of gaseous radical [60, 141, 142]. On
the other hand, NO* interacts with superoxide radical (𝑂2− ), and forms peroxynitrite
(𝑂𝑁𝑂𝑂− ) which is a strong oxidizer for DNA, proteins and lipids [60, 141]. In the present
study, NO radicals have been produced by the decomposition of S-Nitroso-N-acetyl-D,Lpenicillamine (SNAP). The decomposition of SNAP is very slow, therefore various metal
ions catalysts (Cu2+, Cu+, Fe2+) have been used to accelerate the decomposition of SNAP
[60, 142]. CuCl is used as a catalyst for the decomposition of SNAP in the present study
based on its performance over a large range of SNAP concentrations. For the
electrochemical detection of the NO*, measurements were carried out at room
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temperature at pH 5.5. At pH <4 or pH >7, the conversion rate of SNAP into NO * reduces
to ~80% [142]. It is important to note that the pH of cancerous tumors is also acidic and
is in the pH range of 4-6. For measurements, CuCl solution was used as an electrolyte
and desired amount of SNAP solution was added during electrochemical measurements.
𝐶𝑢𝐶𝑙 [3𝑚𝑀] 𝑝𝐻 5.5

2𝑆𝑁𝐴𝑃 (𝑅𝑆𝑁𝑂) →

𝑅𝑆𝑆𝑅 + 2𝑁𝑂∗

(23)

Table 5: Summary of performance of recent HOCl sensors/assays.
Detection Element;

Detection

electrode

Type

MoS2 nanoparticles on

Sensor

Sensitivity

LOD

Ref.

NR

1 pM

This

porous glassy carbon
SC pi-conjugated fluorescent

work
Sensor

NR

0.5 μM

[143]

Assay

NR

0.2 μM

[9]

Sensor

NR

0.06 μM

[144]

Sensor

NR

0.34 μM

[31]

Assay

NR

0.7 μM

[10]

polymers; oxidation of aniline
units produces fluoro
quenching
Boron-containing fluoro
compound
Rhodamide + hydrazide
fluorescent compounds
Acenaphthenequinone fluoro
molecule
Fluorescent, organic
molecule emitting in NIR
NR=Not reported
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For NO* detection, cyclic voltammetry experiment was carried out in the potential
range of 0.2 to 1.0 V. These findings are similar to the H2O2 and HOCl (Figure 40A). It is
clearly evident from CV results that MoS2 nanoparticle-modified electrode showed an
increase in current when 50nM SNAP solution was added in the 3mM CuCl solution. On
the other hand, glassy carbon electrode and the electrode modified with larger size
particle of MoS2 did not show any significant increase in current in presence of CuCl and
upon addition of SNAP solution. For sensitivity measurement, chronoamperometry
experiment was conducted at 867mV, again above -0.25V. Therefore, current density
increase is purely due to the dissociation of SNAP only. Different concentrations of SNAP
were added in the solution at an interval of 40-45 sec. Current density increase was
clearly evident from figure 40B when 10nM SNAP was added in the electrolyte. The
behaviour of NO* is similar to H2O2 and HOCl. The sensitivity of MoS2 nanoparticlemodified electrode is 4.56x10-6 A/nM.cm2 and the linear range of detection is 10-110 nM.
These values are comparable to literature and summarized in table 6. Additionally, time
of detection for MoS2 based electrochemical method is 4-5 seconds.
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Figure 40: Electrochemical performance evaluation of MoS2 modified electrode. (A)
Cyclic voltammograms for bare glassy carbon and different size sorted MoS 2 modified
electrode in 50nM SNAP in 3mM CuCl electrolyte at 25mV/sec scan rate. (B)
Chronoamperometric response of 5-7 nm size MoS2 modified electrode towards NO*.
(C) Calibration curve of the amperometric response to the concentration of NO * from 10
nM to 110 nM.
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Table 6: Summary of performance of recent NO* sensors.
Detection Element;

Detection

electrode

Type

MoS2 nanoparticles on

Sensor

Sensitivity

LOD

Ref.

4.56x10-6

--

This

A/nM.cm2

porous glassy carbon

work

NR

0.65 μM

[36]

Sensor

1.10±0.01 AM-1

4.3±0.2 nM

[145]

Nafion/MWNTs-CS-Au NPs

Sensor

1.73AM-1

7.60 nM

[25]

QCL

Sensor

0.7 ppbv

[146]

Nano-alumina glassy carbon

Sensor

0.037 μA μM−1

7.2 nM

[14]

4,5-diaminofluoroscein

Sensor

NR

5 nm

[147]

Sensor

42.68 nA/μmolL−1

0.23 nmolL-1

[148]

Sensor

7.91 pA·nM-1

83 pM

[149]

4.9 ppbv

[15]

Au NPs on nanostructured

Basic

ITO

research

Catalase/SOD/Microperoxida
se/MWCNT-poly-5,2 :5 ,2 terthiophene-3 -carboxylic
acid/AuNPs

formed on electrode substrate
via layer-by-layer assembly
Electrodeposited poly(pphenylenevinylene) on GC
Fluorinated xerogel on

7.60 nA· μM-1

microelectrodes
QCL

Sensor
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Detection Element;

Detection

Sensitivity

LOD

Ref.

electrode

Type

Single-walled carbon

Sensor

43.6 mA.mM-1

NR

[150]

Sensor

NR

20 pM

[151]

Sensor

NR

0.5 μM

[16]

Sensor

NR

1 μM

[17]

Sensor

NR

25 nM

[152]

Sensor

NR

0.8 nM

[153]

nanotubes/Room temperature
ionic liquid gel on a microelectrode
Hemoglobin protein
immobilized in sodium
montmorillonite on pyrolized
graphite electrode
Hemoglobin/montmorillonite/
PVA on pyrolized graphite
electrode
Hemoglobin on nanoporous
tin oxide
RGD peptide functionalized
Graphene
MWCNT
NR=Not reported
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4.3.1.4 Surface chemistry of size-sorted MoS2
To understand the size-dependent electrocatalytic behavior of MoS2, XPS studies
were carried out on different size-sorted MoS2. Deconvoluted XPS spectra of Mo (3d) and
S (2p) are shown in figure 41. Peaks were fitted with PeakFit® software using Gaussian
distribution. Four prominent peaks are visible for bulk MoS 2 at binding energies of 232.0
eV, 228.8 eV, 163.9 eV and 161.7 eV corresponding to Mo(3d 3/2) Mo(3d5/2), S(2p1/2) and
S(2p3/2) in the Mo-S bond, respectively. However, peak shift for both Mo (3d) and S (2p)
towards higher binding energy is clearly evident with decreasing MoS2 size. This behavior
of MoS2 is in good agreement with our UV-Vis and Raman spectroscopy results presented
in figure 36. To quantify the stoichiometric chemistry of different size-sorted MoS2, the S
to Mo ratio were calculated from XPS spectrum. The S to Mo ratios are 1.99, 1.99, 1.98,
1.92 and 1.83 for bulk MoS2 (raw material), sizes 2±1 μm MoS2, 1±0.2 μm MoS2, 500±100
nm MoS2 and 5-7 nm MoS2, respectively. Therefore, 5-7 nm MoS2 is sulfur-deficient in
nature and deficiency increases as the MoS2 size decreases from μm to nm. The
crystalline nature of MoS2 from HRTEM images (Figure 34 and 35) indicates the presence
of sulfur deficiency at the edges of layered MoS2 structure. These defects alter the band
gap and binding energy of MoS2 [154-156] as observed from UV-Vis and XPS spectra
which could be responsible for the detection of different free radicals.
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Figure 41: Deconvoluted and peak-fitted XPS spectrum of Mo (3d) and S (2p) taken
from different size sorted MoS2 particles/nanosheets. Reduction in size leads results in
sulfur deficiency. Surface S to Mo ratio for different MoS2 was measured from the
integrated area under peaks corresponding to Mo (3d 5/2) and S (2p3/2).
The CV results of different size-sorted MoS2 have shown an increase in reduction
current density with 5 mM H2O2 addition in 10 mM PBS solution. Several recent studies
have demonstrated various physical property changes with increase in defect density in
MoS2 monolayers processed via defect engineering [157-162]. Islam et al. [157] has
demonstrated up to four order of magnitude change in mobility, on-current and resistance
of single layer MoS2. This was accomplished by developing insulating MoO3-rich
disordered domains in single layer MoS2 by varying oxygen plasma exposure time.
Therefore, single layer MoS2 deviate from semiconductor to insulator type behavior.
Parkin et al. [158] report a shift in Raman peak for electron-irradiated single layer MoS2.
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The peak shift has been attributed to the generation of sulfur vacancies upon electron
beam irradiation in TEM and correlated with 2D conductivity of MoS2 single layer. Current
decreases with increasing the electron-irradiation dose. On the other hand, Yu et al. [161]
have developed a thiol-based chemistry route to repair the sulfur vacancy defects.
Mobility of MoS2 monolayer improved due to the reduction in charged impurities, shortrange defects and traps leading to higher intrinsic charge transport. This study supports
the finding of Parkin et al. [158] validating the role of sulfur vacancies on conductivity. A
strong photoluminescence and electrocatalytic activity towards the hydrogen evolution
reaction has also been observed for electrochemically exfoliated 2.5-6 nm MoS2 particles
[162]. Interestingly, a blue shift has been observed for 2.5 nm and 4.6 nm particles
exfoliated with 0.1% and 1.0% aqueous LiTFSI electrolyte [162]. It is clearly evident from
these examples that improvements in various physical and chemical properties of MoS 2
is highly dependent on defect density and charge impurities. In the present case, the
intrinsic defect density of sulfur vacancies increases with decreasing size of MoS 2. It is
well known that basal planes of MoS2 are inactive, and active edge sites were proposed
to be mainly responsible for the electrocatalytic activity of MoS 2 nanosheets [163-166].
Recent studies [167] point to the important role of vacancies in enabling chemical
reactivity of the MoS2. MoS2 has two edges: (1̅010) and (101̅0) edges, which correspond
to S- and Mo edges, respectively. Our experimental studies summarized above, however,
do not shed light on which edge site (either Mo or S) is more active for the catalytic activity.
To obtain atomistic insights into the relative importance of the two types of edges and
possible role of S vacancies, we present below results of our modeling of a set MoS2
nanoparticles (NPs) using DFT.
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4.3.2 Computational modelling results
4.3.2.1 Geometry and electronic structure of MoxSy nanoparticles
For our DFT calculations four different sizes of NPs were constructed, consisting
of 36, 81, 144, 225 atoms, i.e. Mo12S24, Mo27S54, Mo48S96 and Mo75S150. All NPs
considered in our calculations have hexagonal shape following their Wulff construction
(Figure 42), according to which the equilibrium shape minimizes the total free energy of
the cluster, i.e. the sum over all edge free energies times the corresponding edge length
[168]. Thus, if the ratio of edge free energies is equal to unity the shape will be perfectly
hexagonal. The equilibrium shape of an MoS2 NP is governed by the relative free energies
of edges with two low-index edge terminations of the (0001) basal plane, i.e., the (101̅0)
Mo edge and (1̅010) S edge. Since the free energies of these two edges are identical, the
MoS2 NPs considered here form perfectly hexagonal shape, as shown in the inset of
figure 43. Such truncated hexagonal shapes were observed in the STM images of singlelayer MoS2 on Au(111) under the sulfo-reductive conditions [169].
Our calculated electron density of states (DOS), from -2.5 to 2.5 eV, projected onto
the d-orbitals of Mo atoms at both the (101̅0) and (1̅010) edges of the NPs of four sizes
are shown in figure 43(a-b), respectively. Clearly, the electronic structure at the Fermi
level depends on the size of the NPs. Of most interest to us is the frontier occupied state,
which is most well-defined for the smallest of the NPs, as seen in figure 43a. As the NP
size increases, it breaks the degeneracy of orbitals. The peak just below the Fermi level
for Mo27S54 is thus split into two and the splitting arises mainly from the non-degeneracy
of the dxy and dx2-y2 orbitals.
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Figure 42: Wulff construction of MoS2 NPs considered in DFT calculations showing
stable hexagonal shape, and Mo and S rich edges.
Note that the (101̅0) and (1̅010) edges of the NPs are distinctly different as they
contain 0% and 100% S, respectively (see Figure 44). Termination of the single-layer
MoS2 with either edge breaks its point symmetry group (D3h) and edge states of the NPs
appear inside the single-layer band gap [163, 164]. These edge steps have been
proposed as sites for adsorption of molecules and ligands [170, 171], and regions of
enhanced catalytic activity [172]. For insights into the differences in the electronic
structure of Mo atoms (dark blue and purple balls) on the (101̅0) and (1̅010) edges we
compare their electronic density of states (DOS) in figure 45. Most prominently, as seen
in the lower two panels of figure 43b, Mo atoms in the (1̅010) edge, for both Mo48S96 and
Mo75S150, do not contribute to d states in the energy range -0.5 eV to the Fermi level (EF),
but Mo at (101̅0) offer d states (figure 43a, lower panels) in the same energy range. This
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difference originates from the local coordination: Mo atom at (101̅0) edge consists of more
dangling bonds than that at (1̅010), because of the absence of S atoms (0% S) at the
former edge and the presence of 100% S at the latter. These results suggest that the
(101̅0) edge may be more chemically active than (1̅010).

Figure 43: (a) Electronic density of states of a) a Mo atom (dark blue) at (101̅0) edge,
and (b) a Mo atom (pink) at (1̅010) edge, and (c) all Mo atoms (dark blue) at (101̅0)
edge.
In order to understand the combined effect of all edge atoms on the electronic
structure, we present in figure 43c the d-states of all Mo atoms (dark blue balls) at the
(101̅0) edge. The sharp peak just below EF observed for the smallest NP, Mo12S24, in the
top panels of figure 43a and 43b, is even more prominent in figure 43c, but for the larger
NPs (lower panels), this peak smoothens and shifts away from EF (bottom panel). In fact,
the features in figure 43c are essentially similar to those in figure 43a, with enhancements
as a result of inclusion of multiple atoms. As the d-states near the Fermi level are
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expected to play a dominant role in chemical activity, these results suggest, in agreement
with the experimental observations presented above, that NPs of larger size are less
catalytically active than the smaller ones. These comparisons are, of course, only
qualitative, given the large difference in the size of the nanoparticles in the experiments
as compared to those considered in our calculations.

Figure 44: Schematic representation of atomic structures of (a) Mo27S54, and (b)
Mo27S48 nanoparticles. The blue and yellow balls represent the Mo and S atoms,
respectively.
Since our experiments, summarized above, and in particular the XPS findings,
indicate a strong role for S-vacancies in facilitating the reactions, and since such role of
vacancies have also been proposed [167], we present below a comparative examination
of the initial steps of reactions of interest here for two small NPs, one of which contains S
vacancies, i.e. Mo27S54 (Mo:S=1:2) and Mo27S48 (Mo:S=1:1.8). The schematic
representation of atomic structures of Mo27S54 and Mo27S48, in figure 44, shows their
(1̅010) and (101̅0) edges, which for the former contain, respectively, 100% S and 0% S
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atoms, whereas in the case of the latter have 67% S and 0% S atoms, respectively.
Similar truncated hexagonal MoS2 nanostructures have been predicted for catalytic
application by previous studies [173, 174].
4.3.2.2 Adsorption of H2O2, OH and H2O on MoxSy nanoparticles
In this section, we summarize our calculated results for the adsorption energy (Ead)
of H2O2 and H2O at both (101̅0) and (1̅010) edges of MoxSy (where x=27 and y=54 and
48). The Ead was calculated using Ead = E(Adsorbate/MoxSy)–[E(Adsorbate)+E(MoxSy)], where
E(Adsorbate/NP), E(Adsorbate) and E(NP) represent the total energies of adsorbate/NP, adsorbate
and MoxSy, respectively. Our DFT calculations showed that on both Mo27S54 and Mo27S48,
H2O2 adsorbs dissociatively at the (101̅0) edge, with no activation energy barrier. This
spontaneous process yields two hydroxyl (OH) groups at the (101̅0) edge (Figure 45) of
both NPs via the reaction H2O2 (g)  OH*+OH* (* denotes the adsorbed entity). Their
structural parameters are provided in table 7. The calculated adsorption energy of
dissociated H2O2 on Mo27S54 with respect to its gas phase is -6.77 eV, whereas that on
Mo27S48 it is -6.54 eV. In contrast, H2O2 binds weakly at the (1̅010) edge of both Mo27S54
and Mo27S48 with adsorption energy of -0.19 eV and -0.35 eV, respectively. The Mo-O
distance for H2O2 at the (1̅010) edge of Mo27S54 is 3.702 Å, and that at the same edge of
Mo27S48 it is 3.689 Å, allowing us to conclude that H2O2 does not chemisorb at the (1̅010)
edge. These results indicate that H2O2 adsorbs dissociatively only at the (101̅0) edge of
both NPs.
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Figure 45: Schematic representation of adsorbed structures of two hydroxyl radicals
(OH*) formed from dissociative adsorption of H2O2 on (a) Mo27S54, and (b) Mo27S48. The
blue, yellow, red, and green balls represent the Mo, S, O, and H atoms, respectively.
Next, we compare the adsorption characteristics of OH on both Mo 27S54 and
Mo27S48. On Mo27S54, OH prefers to adsorb at the bridge site of Mo atoms at the (101̅0)
edge, whereas two OH prefer the top of the Mo atoms (figure 45) of the same edge. The
preference of aligning by two OH*, in which the hydrogen atom of one OH* points towards
the oxygen atom on the other OH*, is associated with an attractive interaction between
them. The adsorption energy of single OH* is -5.49 eV at the (101̅0) edge and -2.68 eV
at the (1̅010) edge. On Mo27S48, however, single OH prefers to adsorb at the Mo atom of
the (101̅0) edge as do two OH*. The adsorption energy of single OH* at the (101̅0) edge
is -5.99 eV and -3.77 eV at the (1̅010) edge. Interestingly, in the adsorption of 2OH* on
Mo27S54 and Mo27S48, the relative orientation of the adsorbed OH is different in the two
cases: in the former, both OH* align in the same direction whereas in the later they do not
(see Figure 45, side view). The above results indicate that the presence of S vacancies
leads to enhanced adsorption energy of OH at the edges. Now, we turn to the adsorption
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of H2O on a Mo atom of both edges of the two NPs. On Mo27S54, H2O adsorbs at the
(101̅0) edge with an energy of -0.95 eV and (weakly) at (1̅010) edge with -0.21 eV. On
Mo27S48, the adsorption energies of H2O are larger on both edges, as compared to that
on Mo27S54. It adsorbs at the (101̅0) edge with energy of -2.08 eV and at the (1̅010) edge
with -1.10 eV. The overall electrocatalysis reaction process is summarized in figure 46.
The above findings show that on both NPs, the adsorption of OH and H2O at (1̅010) edge
are weaker than those at (101̅0) indicating higher reactivity of the (101̅0) edge than that
of the (1̅010) edge for these initial steps in the electro-catalytic process.
Table 7: Bond lengths of selected atoms in various systems. The Mo-Mo and Mo-S, and
Mo-O distances are provided for the atoms indicated by dotted lines, in Figure 45.
System

Mo-Mo

Mo-S

Mo-O

O-O

O-H

H2O2(g)

--

---

---

1.471

0.979

Mo27S54

3.094

2.311

---

----

---

Mo27S48

3.183

2.413

---

----

---

2OH*/Mo27S54 3.213

2.313

1.904

2.985

0.983

2OH*/Mo27S48 3.051

2.385

1.935

2.960

0.984
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Figure 46: Schematic representation of electrocatalysis of H2O2 decomposition at the
Mo edge (blue color) of MoS2 nanoparticle yielding the formation of hydroxyl (OH*)
radicals, which can further undergo reaction to form intermediates (not shown) and
finally form H2O and O2.
4.4 Conclusions
In summary, we report the use of molybdenum disulfide (MoS 2) as an ultrasensitive multi-role electrochemical platform and its ability to detect therapeutic,
pharmaceutical and industrially relevant chemical species; namely: hydrogen peroxide,
hypochlorous acid and nitric oxide radicals. 5-7 nm size MoS2 nanoparticles have shown
remarkable, ultra-low sensitivity towards hydrogen peroxide (1 pM), hypochlorous acid (1
nM) and nitric oxide radical (10 nM). These values are lower than the reported values in
literature when compared to other detection methods such as electrochemical-based [12,
61, 64], and fluorescent assays [5, 51, 52]. The ultra-low sensing properties of these MoS2
nanoparticles is a result of higher Mo edge density due to sulfur deficiency, as manifested
99

from X-ray photoelectron spectroscopy study. DFT-based electronic structure
calculations of MoS2 nanoparticles of several sizes reveal that the sharp, occupied dstate peak near the Fermi level (EF) tends to smoothen and shift away from EF with the
increase of the size of nanoparticles, indicating larger particles are less catalytically active
than the smaller ones. Our DFT calculations further reveal that the spontaneously
dissociative adsorption of H2O2 occurs at the (101̅0) edge, and that the adsorption energy
of OH* and H2O at the (101̅0) (Mo) edge are higher than those at (1̅010) (S) edge,
suggesting Mo edges are electrocatalytically more active than the S-edges. The DFT
results also point to the enhancement of chemical activity on the nanoparticle with Svacancies. Therefore, both S-deficiency and a high density of Mo-edges in small MoS2
particles contribute to the pico-/nano molar level detection of various chemical species
relevant in biology.
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CHAPTER FIVE: CONCLUSIONS
This dissertation successfully exhibit the unique bio-catalytic and sensing
properties of doped cerium oxide nanoparticles (d-CNPs), cerium oxide thin films (CeOx)
and molybdenum disulfide (MoS2) nanoparticles. The surface and edge contributions of
redox-active materials (d-CNPs, CeOx and MoS2) on ROS scavenging and detection have
been studied in detail to develop more potent antioxidant and ultra-sensitive sensor
platform. Improvement in bio-catalytic and sensing properties is attributed to modification
in surface chemistry of functional nanomaterials by introducing defect state in the lattice.
Frist, rare earth element (La, Sm and Er) doped CNPs of 4-7 nm size were
prepared via sustainable one-step green synthesis method at room temperature.
Synthesized d-CNPs were crystalline in nature and coated with dextran polymer. Energy
filtered transmission electron microscopy (EFTEM) study showed the uniform distribution
of doping element in cerium oxide lattice. Improvement in Ce3+ oxidation state in d-CNPs
compared to Dextran-CNPs analyzed using x-ray photoelectron spectroscopy (XPS)
indicated the introduction of oxygen vacancies in cerium lattice by trivalent dopants.
Enhanced superoxide dismutase (SOD) of d-CNPs tested in both, acidic and basic
environment, in comparison to Dextran-CNPs demonstrated that higher Ce3+/Ce4+
oxidation state CNPs can efficiently mitigate the effect of ROS. In vitro studies revealed
that high d-CNPs having higher Ce3+/Ce4+ can effectively scavenge intercellular ROS
during physiological processes. No cell mortality of healthy non-cancerous HUVAC cells
was observed when treated with up to 50 μM concentration of d-CNPs. This finding
indicates the specificity of synthesized nanoparticles towards cancerous cells. Thus,
combining this synthesis method and appropriate selection of doping element, CNPs of
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desired surface chemistry can be designed for specific biological applications.
Applications such as a coating on orthopedic implants and implantable biosensors require
continuous integrated film of redox–active material due to the bio-corrosion. Also, friction
of implant, which can dislodge particles from the implant surface. Therefore, controlled
and continuous cerium oxide thin films have been deposited and their thickness
dependent surface chemistry have been studied
Cerium oxide thin films (CeOx) were deposited by atomic layer deposition (ALD) at
275 C. Thickness of CeOx films was varied by increasing the ALD deposition cycles from
50 to 1000. The CeOx growth rate was 0.34 Å/cycle for two consecutive pulses of
Ce(iPrCp)3 of 2.5 s followed one pulse of 50 ms of H2O. Thickness of CeOx films were 2
, 7, 17 and 33 nm for 50, 200, 500 and 1000 cycles, respectively, measured by x-ray
reflectivity. A linear relationship between film thickness and number of deposition cycles
showed the self-limiting character of CeOx film. Phase analysis of CeOx films revealed
the presence of Ce2O3 in 2 nm films, whereas higher order thickness films consisted of
CeO2. The presence of organic residue in CeOx films can be attributed to the incomplete
ALD cycle at the end of the deposition process. The ratio of Ce3+ to Ce4+ measured from
deconvoluted Ce (3d) spectra was 1 for 2 nm film, whereas it varied from 0.30-0.37 for
higher thickness films. Improved catalase activity of films with increasing thickness
support that catalase activity is a function of the surface [Ce4+] and films rich in Ce4+ are
more catalase active. Furthermore, sensitivity of 200 cycles ALD CeOx film for H2O2
detection is 9.04 A•L/g•cm2•s. This study opens the avenue for CeOx coatings in a number
of potential applications in bioimplants (prosthetics), sensors and downturn hazardous
chemicals such as methyl orange for environmental remedy. However, presence of
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ascorbic acid interfere in the H2O2 detection. Thus, selectivity becomes an issue for
cerium oxide based sensors.
To improve the selectivity of sensors, MoS2 nanoparticle-based ultra-sensitive
electrochemical sensor platform was developed for ROS detection is ultra-low
concentration. Concentrations as low as 1 pM have been detected utilizing liquid
exfoliated 5-7 nm MoS2 particles as transducing layer. We have successfully detected
H2O2, HOCl and NO*. No interference from ascorbic acid have been observed during
H2O2 detection which is highly important for sensor development. High sensitivity and low
concentration of therapeutic, pharmaceutical and industrially relevant chemical species
have been attributed to S-deficiency at the layered MoS2 edges. S to Mo ratio of 1.83
have been analyzed from XPS study. Furthermore, density functional theory (DFT) have
revealed that nano-size particles are more catalytically active than larger particles
because occupied d-state peak near fermi level become flat for larger size particles.
Furthermore, DFT calculation reveals that Mo-edges are preferred site for H2O2
adsorption than S-edges and spontaneous dissociation of H2O2 occur at Mo-edges. Due
to higher adsorption energy of OH* and H2O at Mo-edges, molecules does not poison
catalytically active sites.
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Figure 47: Schematic diagram showing the contribution of different studies on early
ROS detection and their scavenging.
In summary, surface contributions of d-CNPs (0D) and ALD CeOx (thin films) and
edge contributions of MoS2 NPs (2D) on ROS detection and scavenging (Figure 47) have
been studied. It is clearly evident from the above-mentioned findings that lattice defects
in materials at the nanometer scale give rise to unique properties, and open new frontiers
for scientists to cut across traditional materials and venture into nanotechnology to
develop therapeutic nanomedicine and advanced detection platform for pharmaceutical,
environmental and industrially relevant chemical species.
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FUTURE SCOPE
Following studies can be carried out to further extend the scope of this dissertation.
1. In vivo study in mice model simulating melanoma and ovarian cancer condition to
understand the efficacy of polymer coated doped CNPs in comparison to dextrancoated and bare CNPs
2. Development of electrochemical and colorimetric sensor by immobilizing polymer
coated doped CNPs on high aspect ratio surfaces
3. Growth kinetics and process optimization of atomic layer deposition of rare earth
element doped CeOx. Successful doping of rare earth elements in ALD CeO x thin
films will allow to effectively control the surface chemistry of CeOx for their potential
applications in bio-sensing
4. Fabrication of CeOx transducing layer based electrochemical transistor integrated
with microfluidic channel for continuous in vivo monitoring of ROS in blood and
plasma
5. Molecular modeling of MoS2-H2O2 interaction to understand the reaction
mechanism and intermediate products
6. Immobilization of 5-7 nm size MoS2 particles on high aspect ratio surfaces such as
nanopillars to achieve femtomolar detection
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